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ABSTRACT 
This dissertation presents controlled fabrication and chemical identification of 
heterogeneous nanostructures using atomic force microscope (AFM) cantilevers.  Fabrication 
and integration of different chemical structures at the nanometer scale is essential for 
constructing the next generation of electrical, optical, and biological devices.  The polymer 
nanostructures are fabricated using thermal dip pen nanolithography (tDPN), and are 
characterized using atomic force microscope infrared spectroscopy (AFM-IR).  In tDPN, the 
heated tip of an atomic force microscope cantilever deposits polymer nanostructures onto a 
surface, where the cantilever heating controls the deposition rate.  The nanometer-scale polymer 
transport between the tip and surface is investigated by controlling tip temperature and substrate 
temperature over the range 100 – 260 ˚C, and for different tip speeds and heating times. It is 
found that thermal Marangoni forces and non-equilibrium wetting govern the nanometer-scale 
polymer flow, and that the polymer viscosity governs the mass flow rate.  Polymer 
nanostructures are then characterized by AFM-IR.  Nanostructures of polyethylene, polystyrene, 
and poly(3-dodecylthiophene-2,5-diyl) are fabricated with heights between 100 – 1000 nm, and 
find that AFM-IR can measure quantitative IR absorption spectra for structures as small as 100 
nm with lateral spatial resolution below 100 nm.  The sensitivity of AFM-IR is improved to 
measure the chemical composition of nanostructures roughly 10 nm tall by applying wavelet 
transforms to the cantilever response.  The IR identification of the smallest polymer 
nanostructures is about one order of magnitude improvement over state of the art.  This 
improvement is enabled by our insights into the time-domain and frequency-domain behaviors of 
the polymer nanostructure and cantilever during AFM-IR.  The capabilities of AFM-IR are 
further demonstrated by measuring ohmic heating in highly Si doped InAs microparticles caused 
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by localized surface plasmon resonances, demonstrating that AFM-IR is a versatile technique for 
measuring inorganic, optically absorbing materials in addition to organic materials.  The ability 
to both control chemical patterning and analyze chemical composition at the nanometer scale 
provides a framework for designing and understanding increasingly complex chemical 
nanostructures for use in next generation nano-devices.  
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CHAPTER 1: INTRODUCTION 
Lithography is a vital process for fabricating all integrated circuits (ICs), computer 
processors and memory, and microelectromechanical systems (MEMS), markets which exceed a 
combined 300 billion dollars annually.1  Conventionally, micrometer and nanometer scale 
patterns are defined using optical lithography, where light passing through a mask exposes a 
photosensitive polymer to locally change the polymer structure.  The exposed areas are then 
selectively removed or retained, and additional processing steps are then applied to the exposed 
underlying substrate.  Light diffraction is the main limitation of optical lithography, making it 
difficult to obtain feature sizes significantly smaller than the wavelength of light.  Recently, the 
semiconductor industry has obtained feature sizes as small as 32 nm using this technique, but 
progressing further beyond 22 nm feature sizes will require optical equipment that can be 
prohibitively expensive or altogether impractical. 
The need for ever smaller nanometer scale patterns has driven much research over the 
past 30 years in alternative non-optical nanolithographic techniques, such as nano-printing2-5 and 
tip-based nanofabrication (TBN),6-12 which have demonstrated feature sizes as small as 5 nm.  
These nanolithography techniques also provide additional benefits over conventional 
lithography, which is currently restricted to the use of a homogenous film as a sacrificial layer in 
the design process.   Non-optical nanolithography provides a route towards integrating multiple, 
heterogeneous materials into devices in ways that would be impossible with conventional optical 
lithography, which provides opportunity to integrate organic optoelectronic materials into state-
of-the-art electronics, sensors, and displays.  Because of the profound impact these new 
nanolithography techniques could provide to device fabrication, there is a great need to explore 
the limits to which different materials can be patterned, to understand the physics behind the 
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patterning techniques, to improve the control of the patterning techniques, and to characterize the 
fabricated structures. 
1.1 Atomic Force Microscopy 
Scanning probe microscopy (SPM) employs a probe with a sharp tip to measure 
nanometer scale structure and properties when placed in close proximity or in contact with a 
sample.  A piezoelectric controls the displacement of the tip relative to the surface, and is 
capable of maintaining tip-sample distances on the order of a picometer.  The interaction 
between the tip and the surface is monitored in two dimensions while stepping or rastering the tip 
across the surface, creating two or three dimensional images of the tip-surface interaction.  
Scanning probe tips are often used to measure a wide range of tip-surface physical interactions--
which are mechanical, electrical, thermal, or optical in nature--and often measuring more than 
one modality simultaneously.  The scanning probe has become ubiquitous within the field of 
micro- and nanotechnology, and has previously been used to measure atomic scale surface 
structure, to measure thermal13-15 and electrical surface properties of semiconductors, to read and 
record data with high density7, 16, and to fabricate a wide range of metallic17, 18 and organic19, 20 
structures. 
The scanning tunneling microscope (STM) was the first scanning probe microscope, and 
was able to measure surfaces with atomic resolution using the phenomenon of quantum 
tunneling.21  The apparatus consists of a nanometer sharp metallic tip mounted onto a piezotube, 
which was placed less than one nanometer from the surface.  A large voltage is applied between 
the tip and the surface, and the corresponding tunneling current is monitored using control 
electronics.  The piezotube then actuates the tip in a raster scan, and the tunneling current is 
measured as a function of tip position.  The control electronics operate the tip either in constant 
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height or constant current mode, depending on the application requirements.  Despite the 
advances in imaging resolution, the setup requires a conductive substrate as well as a gap 
between tip and sample, restricting the usefulness of the apparatus as a lithographic tool. 
The atomic force microscope (AFM) addresses many of the perceived limitations of the 
STM by measuring interaction force while the tip contacts the sample.22, 23  Figure 1.1 shows a 
schematic of the AFM setup.  The AFM probe consists of a soft cantilever spring with a 
nanometer sharp tip at the end.  The AFM tip placed in contact with the sample causes the 
cantilever to bend, which is measured using a laser and a four quadrant photodiode.  A feedback 
loop then actuates the cantilever using a piezoceramic to maintain a constant loading on the 
cantilever tip.  The AFM probes are typically fabricated on the micrometer scale using 
microfabrication processing, and with a low spring constant to improve data acquisition speeds 
and to minimize damage to the sample.  The probes are made out of hard semiconductor 
materials such as silicon to improve the strength of the tip and for ease of fabrication.  Metal24, 
polymer25, or glass26 structures are often incorporated into the cantilever or tip to increase the 
functionality of the probe. 
Although it is typically not possible to obtain atomic resolution, the AFM provides many 
advantages over the STM.  First, it can be used to measure properties of non-conductive surfaces, 
such as polymers, glass, ceramics, and low conductivity semi-conductors.  Second, the intimate 
contact between the tip and the surface allows the tip to be used to manipulate material on the 
surface with nanometer scale precision.  Finally, because the feedback depends primarily on the 
cantilever bending and not on the specifics of the tip structure, the tip can be functionalized in a 
variety of ways to interact with the mechanical, electrical, thermal, and optical properties of the 
sample, and this interaction is easily decoupled from the force feedback mechanism. 
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1.2 Nanolithography 
The principle goal of nanolithography is to fabricate nanometer scale structures, with 
dimensions between one atom and 100 nm.  Although optical lithography has achieved sub 100 
nm resolution, many next generation technologies have been developed to circumvent the 
prohibitive costs, inherent physical constraints, and inflexible fabrication design criteria.  
Conventional optical lithography requires a wide range of expensive technologies to improve the 
resolution below the limit imposed by light diffraction (roughly half of a wavelength), such as 
liquid immersion lenses, phase-shift masks, and double or multi patterning.1, 27 
Conceptually, the most obvious approach to reduce the physical limitations of light 
diffraction is to use light sources with much smaller wavelengths.  Techniques using extreme 
ultraviolet light28, 29 and even x-rays30, 31 have resulted in resolutions as small as 15 nm.  
Although the techniques improve upon the lithographic resolution, implementing these 
techniques requires specialized equipment and is prohibitively expensive for many applications.  
The techniques are also limited to exposing a sacrificial polymer film that will later be discarded, 
making these techniques impractical for designing organic devices or devices that are not built 
using a set of planar 2D processes. 
Beam lithography also provides sub 20 nm lithographic resolution by employing a tightly 
focused beam of subatomic or atomic particles.  In electron beam lithography (EBL)32, 33, an 
electron beam exposes a polymer film to induce chemical changes.  The exposed film is then 
processed similarly to optical beam lithography to define patterns for future processing steps.  
Focused ion beam (FIB) lithography works by exposing a surface to a tightly focused beam of 
metallic ions, which can either etch the surface by high energy ion bombardment or deposit a 
variety of metals.34-37  Beam lithography has advantages over conventional optical lithography.  
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First, the process is maskless and tightly focused, making it a versatile tool for exposing non-
planar objects with nanometer scale precision.  Second, the beam can be used to both image and 
perform lithography, making alignment on difficult samples such as MEMS devices possible.  
Lastly, ion beams can be used to deposit material, making it possible to build complex three 
dimensional structures or to join multiple structures together.  The main drawback to beam 
lithography is that the beam must be rastered to serially address points on the sample, making 
lithography of large samples extremely time consuming and cost prohibitive.  Despite these 
drawbacks, the advantages have made beam lithography a more valuable tool in nanofabrication 
research than small wavelength optical techniques. 
Nanoprinting techniques are attractive for patterning large samples quickly with low cost.  
The process uses a mold or a stamp with nanometer scale features which is pressed into intimate 
contact with a substrate to add material to the surface or modify the surface structure.  
Nanoimprint lithography (NIL) can be used to mold a thermoplastic polymer or photocurable 
liquid film to form nanostructures.5, 38, 39  The molds are typically fabricated using beam 
lithography on rigid materials, and can be fabricated to have three-dimensional features.  Soft 
lithography (SL) uses a printing structure made out of a elastomeric material to transfer patterns 
by molding or stamping a surface.2, 40  The key advantage to conventional nanoprinting is the 
wide range of materials compatible with the stamp, most notably chemical and biological 
materials.41, 42 
Tip-based nanofabrication (TBN) can pattern a wide range of materials with high 
resolution, high throughput, and low cost.7, 43  AFM tips have been used to pattern polymers,6, 12, 
44 chemical and biological molecules,45-47 semiconductors,48, 49 and metals50, 51 both by etching 
and depositing material.  SPL can pattern all of these materials using nanometer scale control 
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over electric field, temperature, optical fields, and applied force.  Arrays with thousands of tips 
have demonstrated nanolithography in parallel, and because the tips are fabricated using 
conventional microfabrication techniques, it is one of the most cost effective forms of 
nanolithography.16  Further, the tip can also be used to interrogate the lithographically defined 
patterns, making it possible to fabricate and analyze structures with the same instrument.  The 
versatility of material choice, writing technique, parallel operation, and measurement modality 
make SPL one of the most promising techniques for building next generation nanometer scale 
devices. 
1.3 Heated Micro-cantilever Nanolithography 
The ability to deposit material from an AFM tip with nanometer scale resolution has 
made TBN a useful technique for patterning organic materials.  In TBN, a nanometer-scale tip or 
arrays of nanometer-scale tips can directly fabricate nanostructures by depositing, removing, or 
reacting chemical species near the tip. Arrays of atomic force microscope tips can pattern 
heterogeneous chemical nanostructures by transferring molecules from tip to substrate with high 
throughput and nanometer-scale precision. 
Silicon AFM tips with no added functionality can deposit organic material through a 
technique known as dip-pen nanolithography (DPN).11, 52, 53  In DPN, an AFM tip is coated with 
organic molecules and placed in constant contact with a surface.  In ambient environmental 
conditions, a water meniscus forms between the tip and the substrate, and the organic molecules 
diffuse from the tip, through the meniscus, and onto the substrate.54  Although this technique is 
capable of depositing a wide variety of organic and biological materials, the technique is limited 
to materials that are mobile in water at room temperature, and it is impossible to control the 
deposition process without removing the tip or tips from the surface. 
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The heated AFM cantilever is one type of specialized AFM cantilever which has greatly 
improved nanolithography of organic and biological materials.55, 56  Figure 1.2 shows a scanning 
electron microscope image of a heated AFM probe.  The probe consists of a single crystal silicon 
microcantilever with a nanometer sharp tip at the cantilever free end.  The microcantilever 
consists of highly electrically doped legs and a low doped heater region at the free end.  Passing 
current through the legs causes resistive joule heating localized within tens of micrometers at 
free end of the cantilever.  When the sharp tip makes contact with a surface, the tip creates a 
nanometer sized hot spot, which can be used to thermally process material on the tip or the 
substrate with nanometer scale resolution.  The thermal time constant of the heated cantilever is 
on the order of microseconds, making it possible to rapidly modulate tip temperature during 
lithography. 
Heated AFM tips use temperature-induced chemical and phase transitions to pattern 
heterogeneous chemical nanostructures with useful electrical, optical, and biological properties.  
Known as thermochemical nanolithography (TCNL),57, 58 the heated tip creates chemical 
nanostructures by locally raising the temperature of the contacted substrate above a transition 
temperature.  The technique has been used to create biological molecule nanostructures,59 
fluorescing and electrically conducting polymer nanowires,12, 60 reduced graphene oxide 
nanoribbons,61 ferroelectric nanostructures,62 and three dimensional nanometer scale patterns.8, 63 
In addition to modifying the local chemical composition of substrates, heated tips can 
control deposition of molten material from the tip to a surface using a technique known as 
thermal dip-pen nanolithography (tDPN).6  Figure 1.3 shows a schematic of the thermal dip-pen 
nanolithography technique. When the tip is cold, no polymer flows, such that temperature can 
control the nanostructure fabrication. Heated tips have deposited thermoplastic polymers,19, 64, 65 
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low temperature metals,51 thiols,45 and polymer-nanoparticle composites.66  While there have 
been many demonstrations of thermal lithography using heated AFM tips, most research in 
heated tip material deposition has focused on the materials being deposited, and little research 
has investigated the fundamental forces which drive the deposition process.  Understanding the 
process fundamentals would provide a basis for controlling thermal nanolithography as research 
shifts from process demonstration to process robustness and reliability. 
1.4 Atomic Force Microscope Infrared Spectroscopy 
Infrared (IR) spectroscopy is one of the most widely used techniques to measure the 
chemical composition of organic samples.67  The technique measures the transfer of energy from 
light to an organic molecule, which is determined by the bonds between atoms in organic 
materials.  The light incident on an organic sample can be reflected back from the sample, 
transmitted through the sample with no interaction, or absorbed by the sample.  Measuring the 
percentage of light that is transmitted and reflected from the sample at a given frequency using 
photodiodes provides a measure of the wavelength dependent sample absorption.  Measuring the 
absorption within a range of IR wavelengths provides a spectrum of absorption peaks, where 
each peak is associated with a specific chemical bond.  Comparing the observed absorption 
peaks to a database of known chemical species provides a means of identifying the sample 
composition. 
Light diffraction limits the resolution of conventional IR spectroscopy to 1-10 
micrometers, making it unpractical for measuring the chemical composition of chemical and 
biological nanostructures.  One method to improve the resolution uses germanium objectives to 
improve the spatial resolution due to the higher index of refraction of the germanium.68  More 
involved instruments employ multiple synchrotron beams to achieve high resolution imaging 
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with high speed and high signal to noise.69  Despite these and many other approaches, 
conventional IR spectroscopy has been unable to improve the spatial resolution beyond the 
diffraction limit. 
The chemical composition of nanostructures can be measured using AFM-based infrared 
spectroscopy (AFM-IR).  Figure 1.4 illustrates the AFM-IR technique.  An AFM cantilever in 
constant contact with an IR absorbing feature measures the volumetric thermal expansion of the 
feature during IR light irradiation. IR absorption images with spatial resolution 100 nm or less70-
72 have been measured on biological cells,73, 74 organic thin films,75 and semiconductor 
structures76-78 using AFM-IR techniques. However, little research has been done to use 
nanometer-scale IR chemical imaging as a diagnostic tool for nanofabrication. As TBN 
fabricated structures become more chemically complex, chemical composition measurements of 
patterned features will become vital to the fabrication process.  
1.5 Dissertation Overview 
The design and fabrication of increasingly complex nanometer scale devices with organic 
components requires robust nanomanufacturing and analysis techniques.  This dissertation 
reports the fabrication and chemical analysis of heterogeneous nanostructures using tip-based 
methods.  Chapter 2 presents a study of the driving forces in thermal dip-pen nanolithography, 
and demonstrates the ability to vary the size of the written structures by varying tip speed, tip 
temperature, and surface wettability.  Chapter 3 demonstrates the ability of AFM-IR to measure 
the composition of heated tip fabricated chemical nanostructures as small as 100 nanometers 
with a spatial resolution on the order of the AFM tip radius.  Chapter 4 shows an order of 
magnitude improvement in the sensitivity of AFM-IR through the use of wavelet transform 
signal analysis, which results in the chemical identification of chemical nanostructures roughly 
10 
 
10 nanometers tall.  Chapter 5 expands the application of AFM-IR to semiconducting optical 
structures, demonstrating that the technique can measure near field ohmic heating in localized 
plasmonic nanostructures.  Tip-based nanofabrication and atomic force microscope infrared 
spectroscopy provide a combined set of tools for fabricating the next generation of nanoscale 
electronic devices incorporating organic materials. 
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1.6 Figures 
 
 
 
 
Figure 1.1: Schematic of the atomic force microscope instrument. 
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Figure 1.2: a) Schematic of a single crystal silicon heated AFM cantilever.  b) Scanning electron 
microscope image of a heated tip. 
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Figure 1.3: Illustration of thermal dip-pen nanolithography.  a) When the tip is hot, the material 
coating the tip melts and flows onto the substrate.  b) The same tip can be used to image the 
substrate and written structures when the tip is cold. 
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Figure 1.4:  Schematic of the atomic force microscope infrared spectroscopy setup. 
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CHAPTER 2: HEATED CANTILEVER FABRICATION OF 
POLYMER NANOSTRUCTURES 
2.1 Introduction 
The atomic force microscope (AFM)1 has been widely explored as1 a tool for 
nanolithography.  In dip-pen nanolithography (DPN), an ink flows from an AFM tip onto a 
substrate.2, 3  DPN requires that the ink has sufficiently high mobility to flow from a tip to a 
surface, and generally results in monolayer-thick nanometer-scale patterns of small molecules,3, 4 
polymers,5-7 biomolecules,8, 9 or inorganics.10  It is possible to modulate the flow of ink from the 
tip to the substrate by varying the temperature, which affects ink mobility.11, 12 
In thermal DPN (tDPN), an AFM cantilever with an integrated resistive heater at the tip 
deposits inks that are solid at room temperature but that can flow at elevated temperature.  
Heated AFM tips can deposit nanometer-scale patterns of polymers,13-16 metals,17 and polymer-
nanoparticle composites.18 
 Several published articles have investigated the transport mechanisms that govern ink 
flow during room-temperature DPN with liquid inks.  In some cases, a water meniscus formed at 
the tip-substrate interface mediates the diffusion of ink to the substrate.19-22  The rate of ink 
transport depends upon the meniscus size, the ability of the ink to diffuse across the meniscus, 
and on the interaction between the ink and the substrate.  DPN can deposit polymer onto a 
surface by direct diffusion of polymer from the tip, which results in a polymer nanostructure no 
                                                
 
This work previously published: Felts, J. R., Somnath S., Ewoldt, R. H., and King, W.P., Nanotechnology 23 (2012) 
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more than a few monolayers in height.6, 7  In contrast, tDPN can deposit polymer nanostructures 
with thickness from a monolayer to several hundred nanometers.18, 23  The mechanism for 
polymer transport between the tip and the substrate is not diffusion through a water meniscus, 
since the tip operating temperature typically exceeds the boiling point of water.  Shear induced 
by the relative motion between the heated tip and substrate has produced polymer structures 
which are a few monolayers in height.23  However, drawing features hundreds of nanometers in 
height requires significant mass flow down the tip which cannot be fully explained by tip-
substrate shear-dominated flow.  This chapter investigates the mechanisms of polymer melt flow 
during thermal DPN.  The effects of cantilever tip speed, temperature, and dwell time on the 
resulting structures are explored. 
2.2 Interfacial Phenomena During Thermal Dip-Pen Nanolithography 
Figure 2.1 illustrates the thermal deposition of polyethylene (PE) nanowires from a 
heated tip.  Figure 2.1 also shows experimental results for 20 µm long PE nanowires deposited 
onto a silicon substrate.  The PE nanowires are 600 nm wide and 300 nm tall.  The dimensions of 
patterned features are controlled by varying tip temperature, speed, and dwell time during the 
writing process. 
Polymer flows from the tip to the substrate through either shear or surface tension 
stresses.  The relative importance of viscous stress to surface tension stress is given by the 
capillary number, Ca = µV/γ, where µ is the polymer viscosity, V is the cantilever tip velocity, 
and γ is the polymer surface tension.  For 52 kg/mol molecular weight PE, the viscosity is 360 – 
1840 Pa-s and the surface tension is 0.022-0.028 N/m over the temperature range 160 –260 oC.24, 
25  When the tip speed is 1 µm/s, Ca ~ 0.1, indicating that surface tension is significant during 
tDPN. 
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 Figure 2.2 shows the stresses and capillary contact line forces acting on polymer on and 
near the tip during tDPN.  The relative motion between the tip and substrate induces shear stress 
in the polymer, τshear.  A temperature gradient between the hot cantilever and the room 
temperature substrate induces a thermocapillary stress existing along the polymer free surface, 
τth.  For a liquid that wets both the tip and substrate, there are capillary forces at the polymer 
contact lines at the heater, Fheater, and the substrate, Fsubstrate.  Finally, the local polymer surface 
curvature governs the internal Laplace pressure, Δp.   
 A simple model identifies the forces that drive polymer flow.  The tip is modeled as a 
cylinder with radius r and the polymer as a thin film encompassing the cylinder with a height h 
and thickness t.  The tip is in contact with a substrate, and the polymer film meets the substrate at 
an angle θ.   A force balance on the polymer control volume surrounding the cylindrical tip is 𝐹shear + 𝐹!"#$ + 𝐹∆P + 𝐹visc = 0, where Fshear is the shearing force between the tip and substrate, 
Fline is the net line force acting along the free surface, FΔP is the force due to Laplace pressure 
gradients within the meniscus, and Fvisc is the resisting force due to viscosity.  Inertial effects are 
negligible as the Reynolds number is at most Re = 10-10.  
The shear force on the polymer is estimated by considering a no slip condition and a 
characteristic velocity gradient length scale t between tip and substrate.  The shear force scales as 𝐹shear~  2𝜋𝑟𝜇𝑉, by multiplying polymer shear stress between the tip and substrate with the area 
of the polymer in contact with the substrate. 
 The line forces at the top and bottom of the meniscus involve thermal Marangoni effects 
and substrate surface wetting.  A large temperature gradient exists between the cantilever heater 
and the substrate 26.  The magnitude of the line force scales as Fline ~2𝜋𝑟 𝛾s − 𝛾! , which may be 
non-zero due to the temperature dependent surface tension γ(T) driving flow down the tip toward 
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colder temperatures.  The contact angle between the meniscus and the substrate dictates the 
direction of Fline, with high surface wettability leading to a larger radial force. 
 The local curvature κ of the liquid-air interface determines the Laplace pressure.  The 
force between the top and bottom of the meniscus scales as 𝐹pressure  ~    2𝜋𝑟𝑡 𝛾!𝜅! − 𝛾!𝜅! , 
where κs is the curvature of the polymer at the substrate and κh is the curvature at height h.  A 
wetting substrate can create a curvature which locally decreases Laplace pressure, which would 
drive flow toward the substrate. 
 The shear and surface driving forces must be balanced by viscous forces during flow.  
The polymer viscous force scales as 𝐹visc  ~  2𝜋𝑟ℎ𝜇 !!! , where Vp is the characteristic velocity of 
the polymer, which is not the tip velocity.  This equation assumes a no-slip condition on the tip. 
 Although the local polymer curvature and 2D temperature gradients must be known to 
estimate the surface forces, some qualitative observations can be made.  Viscous forces which 
impede flow must be balanced by Fshear, Fline, and Fpressure.  Polymer mass flow due to Fshear 
should depend linearly on the tip speed, and should be zero for a stationary tip.  Thermal 
Marangoni effects in Fline increase with increasing heater temperature, and are zero when the 
substrate and heater temperatures are equal.  The Laplace pressure force Fpressure requires non-
equilibrium fluid geometry, such as a moving solidification front within the polymer feature. 
2.3 Experiment and Results 
We measured the amount of polymer transferred from the tip while varying tip 
temperature, tip dwell time, and surface chemistry.  The tip speeds ranged between 0.5 - 2 µm/s 
and the temperature ranged between 100 - 260 ˚C.  Polymer was written on either silicon dioxide 
or polytetrafluoroethylene (PTFE) to study the effect of surface wettability.  For dot writing 
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(zero tip velocity), the tip dwell times ranged from 0.1 s - 100 s.  Polymer was written on native 
silicon with either a hot tip and room temperature substrate, or hot tip and hot substrate.   
The heated tip was made from ultra-nanocrystalline diamond (UNCD)-coated doped 
single crystal silicon, with a tip radius of 100 nm.  The tip can reach temperatures exceeding 
1000 ˚C and the temperature response can be calibrated to within 1 ˚C.    The UNCD tip coating 
serves to both minimize wear and to improve adhesion of the ink to the tip compared to bare 
silicon tips 27.  The polymer was PE with a molecular weight of 52 kg/mol.  The PE melting 
point was 140 ˚C with a degradation temperature of 280˚C.  The cantilever was coated by 
dipping the end into molten PE and quickly removing it.  After writing, the cantilever can be 
either immediately re-inked for additional writing or it can be cleaned with an oxygen plasma.  
The polymer-substrate and polymer-tip contact angles were expected to play a significant 
role in heated tip mass transfer.  The contact angle of a molten PE drop was measured for three 
different solids: ultra-nanocrystalline diamond (UNCD), native silicon oxide (SiOx), and 
polytetrafluoroethylene (PTFE).  These surfaces were chosen because the cantilever tip material 
was UNCD, while the substrate was either SiOx or PTFE.  Figure 2.3 shows the results, where 
PE wetted UNCD with a contact angle of 9˚, SiOx with an angle of 44˚, and PTFE with an angle 
of 88˚.  In general, a UNCD tip performs polymer deposition better than a silicon tip, presumably 
owing to the higher wettability of PE on UNCD compared to silicon. 
The polymer mass on the cantilever must be significantly larger than deposited feature 
mass to ensure uniform mass flow throughout an experiment.  Figure 2.4 shows resonant 
frequency measurements used to determine polymer mass on the cantilever during deposition.  
Inking the cantilever deposited 1300 pg of PE onto the cantilever end, of which 1000 pg was 
removed before the tip patterned stable lines.  The tip then patterned 5000 µm of lines at 40 fg/s, 
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which consumed 200 pg of material.  These values are typical and allow the tip to continuously 
write features for 2 hours before requiring additional polymer ink. 
 Figure 2.5 shows an AFM image of polymer lines written at a speed of 0.5 μm/s and a 
linear temperature ramp between 100 - 260 ˚C.  The tip did not write any polymer until reaching 
150 ˚C, at which point a large amount of polymer deposited onto the substrate.  The flow was 
intermittent from 150 ˚C – 200 ˚C and became steady between 200 ˚C – 260 ˚C.  The 
temperature was held constant for the final 5 µm of travel resulting in steady flow, which 
indicated that thermal transient timescales are small compared to the experiment timescale.  The 
flow of polymer ceased after turning off the heater.  
 Figure 2.6 shows the mass flow of PE from a hot tip to a room temperature substrate as a 
function of temperature, speed, and substrate type.  Polymer nanowire lines were drawn at 
constant speed while ramping cantilever heater temperature between 100 – 260 ˚C, and then the 
nanostructures were measured with a cold tip.  Mass flow was calculated by multiplying the 
measured nanostructure cross-sectional area by the velocity of the tip and the PE density (ρ = 
950 kg/m3).  Figure 2.6c shows the PE mass flow onto SiOx for a tip speed of 0.5 μm/s or 2 
µm/s.  The polymer began to flow steadily at 190 ˚C with a mass flow rate of 40 fg/s.  The 
average mass flow rate increased to nearly 200 fg/s when the temperature of the cantilever heater 
reached 260 ˚C.   Figure 2.6d shows the PE mass flow rate onto PTFE for the same conditions.  
The polymer flow on PTFE was 20 fg/s at 140 ˚C, and 80 fg/s at 260 oC.   
The results of Figure 2.6 reveal several aspects of the polymer flow.  First, the mass flow 
rate does not depend upon tip speed for speed between 0.5 – 2.0 µm/s, indicating that substrate 
shear force does not dominate mass transport.  Second, higher substrate wettability leads to more 
polymer deposition.  Polymer flow onto the PTFE was much lower than polymer flow onto 
31 
 
SiOx, owing to the difference in surface wettability.  Finally, the mass flow rate increases non-
linearly with increasing temperature, which can be explained by the strong (logarithmic) 
viscosity reduction with temperature, since both thermal and Laplace forces depend only linearly 
on temperature 24.      
In order to eliminate shear forces and study surface capillary forces on mass flow, 
polymer was deposited from a stationary tip in contact with a substrate.  Figure 2.7 shows AFM 
images of features deposited onto room temperature SiOx at tip temperatures of 180 ˚C and 240 
˚C for dwell times between 0.1 - 100 s.  Figure 2.7c shows polymer feature radii as a function of 
time, with a least-square fit to the data revealing a ~t0.5 time dependence.  Figure 7d shows the 
feature height growing with time as t0.65, until the feature reaches a height of 500 nm and stops 
growing.  Figure 2.7e shows a nearly linear dependence of feature volume on time below 50 s, at 
which point the volumetric growth slows.  The mass flow rate was 4.5 fg/s at 180 oC and 18 fg/s 
at 240 oC, which is significantly lower than rates for line drawing.  Because polymer flows from 
a stationary tip, we can conclude that Fshear is not required for polymer flow.   
Thermal Marangoni forces or Laplace pressure forces could be responsible for polymer 
flow during dot writing.  The thermally driven contribution to mass flow down the tip, 𝑚thermal = 𝜌𝜋𝑡!𝑟∆𝛾/𝜇ℎ, is estimated by equating thermal and viscous forces.  For r = 100 nm, t 
= 50 nm, h = 1 µm, T = 240 oC, Δγ = 0.007 N/m, and µ = 470 Pa-s, the mass flow is ~ 10 fg/s.  
Equating pressure and viscous forces estimates the pressure contribution to mass 
flow,  𝑚pressure = 𝜌𝜋𝑡!𝑟 𝛾!𝜅! − 𝛾!𝜅! /𝜇ℎ.  For polymer to flow, a negative radius of curvature, 
rs, must form between the polymer and the substrate to counteract the positive radius of 
curvature of the cylindrical tip.  Note that the pressure cannot be less than zero absolute pressure.  
For rs = -50 nm, γs = 0.032 N/m, and γh = 0.025 N/m, the mass flow is ~30 fg/s.  An estimation of 
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shear driven flow with a tip speed V = 1 µm/s gives a mass flow of ~ 1 fg/s.  Thus, both thermal 
Marangoni forces or Laplace pressure forces likely drive polymer flow during tDPN. 
 The substrate temperature was controlled using an external heater such that the substrate 
and the tip were at the same temperature, thus removing a temperature gradient near the tip.  
Figure 2.8 shows PE dots written when the tip and a SiOx substrate were both maintained at a 
temperature of 200 ˚C.  The dwell times were from 0.1 s to 60 s with a tip speed of 1 mm/s 
between dots.  The radius of the written features varied between 1200 - 1400 nm, and the height 
of the features varied between 5 - 8 nm.  The height of the deposited feature was two orders of 
magnitude smaller for a heated substrate than for a room temperature substrate (c.f. Figure 2.7).  
Small but visible streaks between the written dots suggested that the meniscus quickly reached 
equilibrium on the tip and brushed material onto the substrate. 
 Figure 2.9 shows scanning electron microscope images of heated tips after writing.  
Figure 2.9a shows a tip after writing at 200 ˚C on a substrate at room temperature.  Figure 2.9b 
shows a tip after writing at 200 ˚C on a substrate at 200 ˚C.  The dwell time was 30s, and both 
the tip and substrate were cooled before lifting from the surface.  For the cool substrate, the 
polymer around the tip was a disc shape of diameter ~500 nm and height ~200 nm.  For the 
heated substrate, the polymer around the tip had a smooth contour along the entire height of the 
tip, with diameter ~400 nm. 
 Polymer mass flow rate and written feature geometry were compared for both lines and 
dots on hot and cold substrates.  Figure 2.10 shows PE lines and PE dots written on a SiOx 
substrate.  The tip was 200 oC and the substrate was either at room temperature or 200 oC.  
Polymer nanowire lines were written at 1 µm/s and polymer dots were written with dwell times 
of 50 s.  The line written on the hot surface was 3 µm wide having a rough 10 nm tall dendritic 
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structure.  In contrast, the line written on the room temperature substrate was 700 nm wide and 
450 nm tall, with a mass flow rate 7.5x larger compared to hot substrate.  The dot written on the 
hot substrate had a 20 nm tall dendritic structure in the center, a 10 nm tall hemispherical droplet, 
and a thin, 0.4 nm tall flat layer extending 1.2 µm in radius.  The dot written on the cold substrate 
had a radius of 1.3 µm and a height of 500 nm, which was 1-2 orders of magnitude taller than the 
dot written on the hot substrate. 
This series of experiments illustrates several aspects of polymer flow from a heated AFM 
tip.  For a hot substrate, the absence of thermal Marangoni forces allows the liquid meniscus to 
quickly come to equilibrium between the heater and substrate.  Feature heights less than 10 nm 
suggest that long range surface forces are responsible for the mass transfer.  For a cold substrate, 
mass flow could be explained by Marangoni forces pumping material down the tip onto the 
substrate.  Additionally, the temperature gradient at the surface likely causes a solidification 
front to evolve during dot growth.  Mass flow would occur as the contact line and Laplace 
pressure continually adjust to the moving front.  While both Marangoni and Laplace pressure 
forces are influencing mass flow, more must be known about the temperature field around the tip 
and the polymer meniscus geometry to precisely identify the relative contributions. 
Understanding how polymer inks transfer from a heated tip during tDPN can aid in 
improving the speed and duration of the transfer process.  Polymer flow rates are most sensitive 
to the temperature dependent viscosity of the polymer, so choosing low viscosity inks can greatly 
increase flow.  Additionally, increasing the thermal gradient between tip and substrate, pressure 
gradient within the polymer, and polymer substrate wettability will increase mass flow.  Further 
increases in mass flow could be obtained by exploiting tip-substrate shear to drive polymer flow 
in high molecular weight, highly entangled polymer melts.  Optimizing these parameters 
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improves patterning throughput, making large area patterning feasible.  As the flow rate 
increases, the tip must be re-inked with higher frequency.  Polymer ink could be stored along the 
entire length of the cantilever and chip, and driven towards the tip with a temperature gradient. 
2.4 Conclusions 
We investigated the mechanisms of polymer flow of molten polyethylene during tDPN.  
Heated atomic force microscope tips operated between 100 – 260 ˚C wrote polymer 
nanostructures at tip speeds between 0.5 – 2.0 μm/s and dwell times between 0.1 – 100 s.  The 
independence of mass flow rate with tip velocity showed that mass flow was driven by capillary 
forces and not substrate shear.  Mass flow was most sensitive to the polymer viscosity.  
Additionally, higher contact angle between polymer and substrate decreased the amount of mass 
transfer.  Polymer was also patterned on a hot surface at 200 ˚C to eliminate thermal gradient 
effects (Marangoni forces and polymer solidification).  The mass flow rate was 7.5x less on the 
hot substrate than for a cold substrate for a moving tip.  When the substrate was hot, the 
meniscus quickly came into equilibrium between heater and substrate and little mass flow 
occurred.  The large mass flow onto the cold substrate could be due to both thermal Marangoni 
force and non-equilibrium wetting dynamics caused by a solidification front within the feature. 
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2.5 Figures 
 
Figure 2.1: (a) Graphic of molten polymer flowing from a heated tip.  (b) 20 µm long PE 
nanowires written with a hot tip.  The lines are 600 nm wide and 300 nm tall.  (c) PE nano-dots 
patterned by dwelling the hot tip at a single point.  (d) Array of PE nanowires written at different 
speeds. 
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Figure 2.2: Forces acting on the polymer during deposition from the tip to the substrate.  The 
polymer undergoes shear stress, contact line forces, thermocapillary stress, and Laplace pressure 
stress, all of which must be balanced by viscous stresses in the polymer. 
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Figure 2.3: Contact angle measurements for polyethylene (PE) on ultra-nanocrystalline diamond 
(UNCD), silicon oxide (SiOx), and polytetrafluoroethylene (PTFE) surfaces.  Droplet profile of a 
molten PE droplet on a) UNCD, b) 200 nm of SiOx, and c) PTFE.  The averaged contact angle is 
9˚ for UNCD, 40˚ for silicon dioxide, and 88˚ for PTFE. 
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Figure 2.4: Resonant frequency of the heated AFM tip as a function of mass loading on the tip.    
The tip had 1300 pg after inking, 300 pg after removing excess polymer, and 100 pg after writing 
polymer over a distance of 5000 µm. 
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Figure 2.5: (a) AFM image of PE lines written at 500 nm/s while increasing cantilever heater 
temperature from 100 to 260 ˚C.  b) Profile of a PE deposit written during temperature ramp.  PE 
begins to flow at 150 ˚C with an unsteady flow until roughly 200 ˚C and then steady flow above 
200 ˚C.   
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Figure 2.6: a) AFM image of PE lines drawn with a linearly increasing temperature. b)  Cross-
section of the lines at 200 ˚C.  Mass flow rate for 10 lines as a function of temperature on c) 
SiOx and d) PTFE for speeds of 0.5 µm/s (grey squares) and 2 µm/s (blue circles).  Data 
averages shown for writing speeds of 0.5 µm/s (black) and 2 µm/s (blue) guide the eye.  The 
mass flow rate did not depend on tip speed, but was at least 2 times lower for PTFE. 
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Figure 2.7: Mass flow onto room temperature SiOx surfaces from a hot tip held stationary for 
different dwell times and temperatures.  PE dots written at (a) 180 ˚C and (b) 240 ˚C with dwell 
time 0.1 to 100 s.  The dots are asymmetric due to tip motion after deposition.  c) Radius of the 
dots written at 180 ˚C (blue circles) and 240 ˚C (red circles).  d) Dot height for both cases.  e) 
Feature volume for both temperatures.  Lines in (c) – (e) are power-law fits as described in text. 
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Figure 2.8:  PE dot growth of symmetric features on silicon dioxide when the tip and surface are 
uniformly heated.  a) PE dots written with both the cantilever heater and the substrate heated to 
200 ˚C with increasing dwell time from 0.1 s (left) to 60 s (right).  b) Dot radii and and c) dot 
heights as a function of dwell time.   
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Figure 2.9: Scanning electron microscope images of the tip after dwelling on either a) cold 
substrate (25 ˚C) or b) hot substrate (200 ˚C) for 30 s.  The radius of the tip is 100 nm.  Cold 
substrate writing creates disc shaped features at the tip, while hot substrate writing creates a 
smooth contour on the tip. 
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Figure 2.10: Comparison of lines and dots on hot (200 ˚C) and cold SiOx substrates (20 ˚C).  a) 
A 3 µm wide, dendritic polymer line written on hot substrate at 1 mm/s.  b) Polymer line written 
at 200 ˚C on a room temperature substrate at 1 mm/s.  Line topography on c) hot and d) cold 
substrate.  e) PE dot written on hot substrate.  f)  PE dot written at 200 ˚C on cold substrate.  Dot 
topography on g) hot and h) cold substrate. 
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CHAPTER 3: TIP-BASED NANOMETER SCALE INFRARED 
SPECTROSCOPY OF POLYMER NANOSTRUCTURES 
3.1 Introduction 
Nanometer-scale chemical lithography technologies2 including nano-printing,1-4 and tip-
based nanofabrication5-8 are growing in complexity and capability, and can rapidly fabricate 
chemical patterns with sizes as small as 10 nm.9  Using these nanofabrication technologies, it is 
possible to integrate and overlay patterns of different materials at the nanometer-scale.  Here we 
refer to these nanometer-scale patterns of multiple discretely formed materials as heterogeneous 
chemical nanostructures.  Despite the rapid advances in the fabrication of nanometer-scale 
chemical patterns, there has been much less research on chemical imaging and identification of 
nanometer-scale chemical patterns.  There is a need for metrology that can identify the chemical 
structure and spatial extent of chemical nanopatterns. 
In tip-based nanomanufacturing (TBN), a nanometer-scale tip or arrays of  nanometer-
scale tips can directly fabricate nanostructures by depositing,5, 10 removing,11, 12 or  reacting13, 14 
chemical species near the tip.  Arrays of atomic force microscope (AFM)15 tips can pattern 
heterogeneous chemical nanostructures by transferring molecules from tip to substrate with high 
throughput and nanometer-scale precision.16, 17  Heated AFM tips use temperature-induced 
chemical14 or physical10 transitions to pattern heterogeneous chemical nanostructures with useful 
electrical,18 optical,19 and biological20 properties.  Most research on tip-based nanomanufacturing 
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(2012) 8015-6 
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has focused on fabrication and performance of tip-written nanostructures, while few published 
articles focus on chemical analysis of the tip-written nanostructures.  The challenge in 
identifying and diagnosing these chemical nanostructures is even more difficult when there are 
multiple chemical compounds that have been integrated at the nanometer scale.  A key advantage 
of tip-based nanomanufacturing is its ability to fabricate closely packed nanostructures of 
different materials at the nanometer scale.  Thus the lack of nanometer-scale chemical 
identification and imaging techniques limits the development of tip-based nanomanufacturing 
techniques and applications. 
In AFM-based infrared spectroscopy (AFM-IR), a rapidly pulsed IR laser is incident 
upon a thin sample, which absorbs the IR light and undergoes rapid thermomechanical 
expansion.  An AFM tip in contact with the sample monitors the thermomechanical expansion.  
The AFM-IR system varies the wavelength of incident IR radiation and scans the tip over the 
sample surface.  Thus the sample IR absorptivity can be measured as a function of wavelength 
and position, resulting in both structural and chemical information about the sample.21-23   AFM-
IR has been used to measure IR chemical absorption spectra on diverse materials such as 
biological cells,24, 25 organic thin films,26 and semiconductor structures.27-29   Several published 
articles explore the spatial resolution limits of AFM-IR.23-29  The smallest achievable spatial 
resolution of AFM-IR is governed by the tip sharpness, as well as nanometer-scale IR absorption 
and thermal diffusion in the sample.  The spatial resolution is also affected by nanometer-scale 
variations in the sample thermal diffusivity or IR absorptivity, which can complicate analysis of 
the measured photothermal expansion.  It is such variations in structure and composition, 
however, which are typical in tip-fabricated nanostructures. 
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A few published articles investigate how nanometer-scale heat diffusion affects the 
spatial resolution of AFM-IR.25, 28, 30  The simplest analysis is for the case of a sample that has 
homogenous IR absorptivity, since the heat is uniformly generated within the sample and 
uniformly flows into the substrate.  Thus, IR absorption contrast between the absorbing sample 
and the substrate determines spatial resolution.  For example, AFM-IR of micrometer-sized 
bacteria on a non-absorbing substrate had a spatial resolution of 100 nm.25, 30  Also for example, 
AFM-IR measurements on silicon oxide disks fabricated onto a silicon substrate had a spatial 
resolution 50 nm.28  While the spatial resolution of AFM-IR is reasonably good for nearly 
homogeneous samples, the spatial resolution is much poorer when the sample consists of 
multiple materials having spatially varying IR absorptivity.  In this case, heat generated from IR 
absorption in one material flows into the nearby non-absorbing material, and the resulting 
thermomechanical expansion of the non-absorbing region cannot be easily decoupled from the 
thermomechanical expansion of the absorbing region.  For example, AFM-IR on non-absorbing 
bacteria that contained sparsely distributed absorbing virus particles of size 90 nm identified the 
virus particles as having an apparent size of 200 nm, due to thermal diffusion from the viruses to 
the surrounding bacteria.24  Similarly, AFM-IR measurements of 20 nm quantum dots buried in 
silicon could identify the location of the quantum dot with resolution 60 nm.27, 29  Such local heat 
flow effects reduce the ability of AFM-IR to generate quantitative chemical spectra for materials 
identification.  For example, AFM-IR on a polymer multilayer film stack cross section could 
achieve good chemical spectra within 100 – 1000 nm of the polymer interfaces, even though the 
sample was very thin and the alternating polymer regions were 5-15 µm wide.26, 31  Overall, we 
can summarize the previous work on AFM-IR as: AFM-IR has been primarily used to study 
small regions of bulk samples, for which sample heterogeneity affects the spatial resolution due 
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to non-uniform IR absorption and nanometer-scale heat flows.  There is a lack of research on 
AFM-IR of nanofabricated structures, and the limits of doing so have not been investigated. 
Here we present AFM-IR characterization of various polymer nanostructures and 
heterogeneous patterns of polymer nanostructures, where the structures and the resolution of the 
chemical characterization are both on the order of 100 nm. Polymer nanostructures of 
polyethylene (PE), polystyrene (PS), and poly(3-dodecylthiophene-2,5-diyl) (PDDT) were 
fabricated by tip-based nanofabrication.  AFM-IR obtained chemical spectra of the fabricated 
nanostructures.  We demonstrate chemical imaging at the interface between overlapping PE and 
PS nanostructures with a resolution of 100 nm, and a heat transfer analysis at the interface of the 
two structures shows that spatial resolution is not heat diffusion limited. 
3.2 Methods 
The tip was coated with PS and PDDT by dipping the heated tip into toluene containing 
either PS or PDDT.  Polymer remained on the tip after the toluene evaporated.  To coat the 
heated tip with PE, a polymer that is not soluble in most solvents, the tip was heated to 150 °C 
and inserted into a solid PE pellet.  In both coating methods, heating the tip while scanning in 
contact on a substrate removed extra polymer and left a thin layer of polymer to be used for 
fabricating polymer nanostructures.   
Nanostructures were fabricated using a heated AFM tip with an Asylum MFP-3D AFM.  
The coated tips deposited structures onto a Zinc Selenide prism by scanning in contact with the 
prism while heated above the glass transition temperature of the polymer coating surrounding the 
tip.  An electronic feedback loop held a constant temperature at the AFM tip heater by 
maintaining a constant heater electrical resistance.  Tip speeds between 0.1 – 2 µm/s and 
temperatures between 120 – 300 °C determined the size of the patterned nanostructures. 
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Infrared spectroscopy of patterned nanostructures was performed with an Anasys 
Instruments nanoIR AFM.  An Ekspla optical parametric oscillator laser irradiated the 
nanostructures with IR light between 2.5 – 10 µm wavelength.  Spectra of nanostructures were 
generated by measuring the thermomechanical expansion of each structure as a function of 
irradiation wavelength and dividing by the measured laser spectral intensity. 
3.3 Results and Discussion 
We used a heated AFM tip to fabricate nanostructures of various polymers.  Heated tips 
can control deposition of thermoplastic polymers,10, 19, 20, 32-34 low temperature metals,35 thiols,36 
and polymer-nanoparticle composites.8  Figure 3.1a shows a schematic of a heated tip depositing 
a polymer nanowire, where a molten polymer ink flows from the tip to the surface when the tip is 
hot.  When the tip is cold, no polymer flows, such that temperature can control the nanostructure 
fabrication.8, 10  The tip has an integrated solid state heater that can control the temperature, and a 
wear-resistant diamond coating that enhances ink wettability.37, 38  The tip speed and tip 
temperature affect the size and shape of the deposited polymer. Figure 3.1.b-h shows 
polyethylene features with widths between 125-300 nm and heights between 30-330 nm, and a 
uniform spacing of 1 µm.  We fabricated nanostructures of polyethylene (PE), polystyrene (PS), 
and poly(3-dodecylthiophene-2,5-diyl) (PDDT) with feature sizes ranging between 100-1000 
nm.  The polymer nanostructures were written in close proximity on the same substrate, with 
some nanostructures overlapping. 
We measured the chemical composition and spatial extent of the polymer nanostructures 
using an AFM-IR system based on photothermal detection.  Figure 3.2a shows AFM-IR, where a 
tunable IR laser illuminates the polymer nanostructures to induce rapid thermomechanical 
expansion.  An AFM tip in contact with the polymer nanostructure resonates in response to the 
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expansion, and this resonance is measured by the AFM.  Figure 3.2b-c show the time-domain 
and frequency-domain cantilever responses for PE nanostructures irradiated at 2920 cm-1 after 
applying a frequency bandpass filter between 200 and 260 kHz.  The peak-to-peak amplitude of 
the time data provides a measure of IR absorption, and the location of the peaks in the frequency 
domain provide a qualitative measure of local material stiffness.  The cantilever amplitude is 
sensitive to the expansion rate of the nanostructure, which allows AFM-IR to measure substrate 
expansion below 1 nm.39  Figure 3.2b-c shows the measured AFM-IR signals for PE 
nanostructures for heights of 80, 400, or 1000 nm, indicating absorption can be measured at 2920 
cm-1 for features down to 80 nm in height. 
 Measuring the cantilever response while sweeping the IR laser wavelength produces 
absorption spectra that compare well to bulk spectra.  We measured the IR absorption spectra of 
the polymer nanostructures by sweeping the wavenumber of the incident IR laser and measuring 
the cantilever response at each wavenumber.  Figure 3.3 shows the absorption spectra of the PE 
nanostructures for wavenumbers in the range 1250-1550 cm-1 and 2800-3100 cm-1.  The peak 
near 2926 cm-1 corresponds to the antisymmetric C-H stretch of the PE hydrocarbon backbone, 
and the 2860 cm-1 peak arises from the hydrocarbon symmetric C-H stretch.  A small red-shift 
for the 1000 nm PE wire indicates a lower chain order compared to the smaller wires.  A 
hydrocarbon C-H scissoring peak appears near 1470 cm-1.  The polymer nanostructure thermal 
expansion depends on feature size, so the cantilever response amplitude decreases as the polymer 
feature size decreases.  The cantilever amplitude from the C-H stretch absorption peaks was 
resolved for PE features as small as 80 nm tall, and cantilever amplitude from the C-H scissoring 
peak was resolved for features down to 400 nm.  Thus, AFM-IR can determine chemical 
54 
 
composition and local polymer order by measuring IR absorption spectra of polymer 
nanostructures smaller than 100 nm. 
 AFM-IR can generate unique IR spectra for many different polymer nanostructures, 
which can be used to identify nanostructure composition.  Although AFM-IR cannot measure 
absolute sample absorptivity, the relative absorptivity spectra generated by AFM-IR provides 
absorption peak locations and peak ratios sufficient to identify many different chemistries.26 
Figure 3.4 shows the IR absorption spectra for PS and PDDT nanostructures with heights 
between 100-1000 nm.  The PS nanostructures have C-H stretch peaks near 2854 cm-1 and 2926 
cm-1 from the hydrocarbon backbone.  Three additional peaks arise from benzene ring C-H 
stretch between 3000 – 3100 cm-1.  For the 100 nm tall structure, there are additional peaks 
between 2950 – 3000 cm-1, which we believe are noise and artifacts due to laser power drift 
relative to the measured background.   Figure 3.4.b-c shows the absorption spectra of 100 nm 
and 700 nm tall PDDT nanostructures.  The hydrocarbon backbone absorbs near 2864 cm-1 and 
2932 cm-1, with a small shoulder peak near 2960 cm-1.  The thiophene ring of the PDDT has 
broad absorption bands in the range 1200-1800 cm-1.  For the 100 nm tall structure, low signal to 
noise affects the peak intensities of the measured signal.  Despite the low signal to noise on the 
100 nm tall structures, we can still distinguish between nanostructures of PE, PS, and PDDT.  
Overall, AFM-IR can identify the chemical composition of PS and PDDT polymer 
nanostructures as small as 100 nm.    
 Future device development requires measurement of the spatial organization of multiple 
interacting nanostructures. We use AFM-IR to identify the chemical composition of multiple 
overlapping polymer nanostructures.  Lines of PS were drawn with a height of 600 nm and a 5 
µm pitch, followed by 100 nm tall lines overlapping the PS structures at a 45o angle.  Figure 
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3.5.a shows an AFM topography map of the written nanostructure pattern.    While irradiating 
the pattern at a single wavenumber, a cantilever scanned over the pattern and measured 
absorption at each scan point.  Figure 3.5.b shows the spatial absorption map for wavenumber 
3026 cm-1, corresponding to the largest C-H stretch of the PS benzene ring.  The absorption map 
shows absorption only in the PS structures.  Figure 3.5.c shows the spatial absorption map for 
wavenumber 2920 cm-1 corresponding to a common absorption peak for the two polymers, and 
the cantilever detected absorption in both materials.  These results demonstrate chemical 
identification of fabricated nanostructure architectures over a large scan area. 
 Many organic materials have similar absorption peaks, and require information from 
broad absorption spectra to distinguish between them.  Figure 3.6.a shows an AFM topography 
image of the interface between overlapping PS and PE nanostructures.  Absorption spectra were 
measured between 2800-3200 cm-1 with 50 nm separation in a linescan over the interface.  
Figure 3.6.b shows normalized absorption plotted against both position and wavenumber.  As 
expected, the PE nanostructure only absorbed near 2860 cm-1 and 2930 cm-1, while the PS 
structure showed additional peaks between 3000-3100 cm-1.  Figure 3.6.c shows single 
wavenumber absorption at 3026 cm-1 for each location along the linescan.  The absorption 
amplitude is proportional to the topography of the PS nanostructure, and the absorption signal at 
the boundary between the PE and PS structures at 1.1 µm decreases to the background signal 
within 100 nm.   
We consider whether the AFM-IR spatial resolution at the interface between the two 
polymer nanostructures is limited by heat diffusion or the radius of the AFM tip.  In order to 
understand the effect of heat diffusion on spatial resolution at the interface between two 
nanostructures, we performed a 3D finite element transient heat transfer analysis.  The model 
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considered heat generation within the polymer, the transient temperature distribution in the 
polymer and between adjacent polymer nanostructures, and heat flow into the substrate.  Figure 
3.7 shows a 2D Temperature profile of the overlapping structures near the interface between 
them at a time 1 ns after the 10 ns laser pulse.  The first polymer nanostructure was modeled as a 
5 um long half-cylinder with a 600 nm radius, and the second polymer structure was a 5 um long 
half-cylinder with a 100 nm radius.  The thermal conductivity, density, and specific heat for the 
polymer were k = 0.1 W/m-K, ρ = 950 kg/m3, and Cp = 2000 J/kg-K.40, 41 The zinc selenide 
prism had thermal properties k = 18 W/m-K, ρ = 5270 kg/m3, and Cp = 343 J/kg-K.42 The 10 ns 
laser pulse was modeled as a constant internal heat generation.  The time step and the mesh size 
were chosen for stability and convergence, and the model utilized symmetry to reduce 
computation time. 
The analysis revealed that at a distance of 100 nm away from the interface, the maximum 
temperature of the PE nanostructure reaches only 8% of the maximum temperature of the PS 
nanostructure.  Since the nanostructure expansion is linearly proportional to temperature rise, the 
PE nanostructure undergoes negligible expansion within 100 nm of the PS interface.  The 
temperature rise of the PE nanostructure 20 nm away from the PS-PE interface is only 33% of 
the PS structure maximum temperature.  This is a significant temperature drop within a distance 
of about one AFM tip radius.  Thus for AFM-IR near this interface, the lateral spatial resolution 
is limited by the size and shape of the AFM tip and not heat diffusion.  The large temperature 
drop in the vicinity of the interface arises because 90% of the heat generated within the PS 
nanostructure flows to the ZnSe prism.  Because the majority of the heat generated within the PS 
nanostructure flows to the substrate, thermal diffusion does not induce a significant temperature 
rise in the non-absorbing PE nanostructure, and so does not cause a significant 
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thermomechanical expansion.  Since thermal diffusion is not responsible for the absorption 
amplitude decrease at the interfaces in figure 3.6.c, the topography of the PS nanostructure 
governs the observed decrease.  We resolve the topography-dependent absorption amplitude with 
a 50 nm resolution equal to the distance between data points, such that that the tip radius and the 
measurement lateral spacing determine the overall spatial resolution of AFM-IR absorption 
measurements presented here.   Overall we conclude that for the heterogeneous chemical 
nanostructures of the present study, the lateral spatial resolution of AFM-IR is limited by the 
AFM tip radius, and not by thermomechanical expansion.  Additionally, the cantilever sensitivity 
and the AFM-IR system signal to noise characteristics must be sufficient to detect the 
nanostructure expansion. 
 Chemical identification at the nanometer-scale is critical for the future development of 
nanomanufacturing, since it will be essential to perform chemical as well as structural metrology 
on future nanometer-scale devices.  Here we have demonstrated that AFM-IR is capable of such 
imaging and chemical identification of nanofabricated polymer nanostructures, with a spatial 
resolution 100 nm.  This is in contrast to previous publications that focused on nanometer-scale 
characterization of bulk materials, for which the spatial resolution was limited by nanometer-
scale heat flow within the sample.  For the polymer nanostructures studied here, the spatial 
resolution of AFM-IR is not limited by nanometer-scale heat flow but rather the signal to noise 
ratio of the AFM-IR system and the cantilever sensitivity.   
3.4 Conclusion 
 In conclusion, AFM-IR enables nanometer-scale IR spectroscopy of heterogenous 
chemical nanostructures patterned by means of tip-based nanofabrication.  The technique was 
demonstrated by measuring the IR absorption of PE, PS, and PDDT nanostructures with heights 
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as small as 80 nm.  Absorption maps generated for overlapping PS and PE nanostructures 
showed a spatial resolution on the order of 100 nm.  We investigated the effect of thermal 
diffusion at the boundary between two nanostructures with a finite element analysis and found 
that thermal diffusion does not limit spatial resolution.  Interrogating local chemical composition 
of heterogeneous chemical nanostructures will prove increasingly useful as the complexity of 
both the lithographic process and the desired pattern increases. 
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3.5 Figures 
 
Figure 3.1: (a) Graphic representation of heated tip polymer deposition.  (b-d) 1 µm square 
topography scans of written polymer nanowires, and (e-g) accompanying topography profiles of 
nanowires 125-300 nm wide and 30-330 nm tall.  (h) An AFM topography image of a polymer 
nanowire array with lines spaced 1 µm apart. 
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Figure 3.2:  (a) Graphical representation of polymer nanowire AFM-IR measurements.  (b) 
Oscillatory AFM cantilever response to rapid expansion of polyethylene nanowires with heights 
between 80-1000 nm.  (c) Frequency response of the AFM cantilever computed with fast Fourier 
transforms. 
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Figure 3.3:  (a) Polyethylene absorption spectra for wavenumbers between 2800-3100 cm-1 for 
nanowires with heights between 80-1000 nm, which shows C-H symmetric stretch at 2860 cm-1 
and antisymmetric stretch near 2926 cm-1 for all wire heights.  (b) The absorption spectrum for 
wavenumbers between 1250-1550 cm-1, showing the C-H scissoring vibration for the 400 nm 
and 1000 nm tall wires at 1470 cm-1. 
62 
 
 
Figure 3.4:  (a) Absorption spectra for 100 nm (red) and 1000 nm (black) tall polystyrene 
nanowires between 2800-3200 cm-1, with a bulk FTIR spectra (blue) for comparison.  There are 
two C-H stretch peaks near 2860 cm-1 and 2926 cm-1 from the hydrocarbon backbone, and 
additional peaks between 3000-3100 cm-1 corresponding to benzene ring C-H stretching. (b) 
Absorption spectra for 100 nm and 700 nm tall PDDT wires between 2800-3100 cm-1, showing 
C-H stretch peaks near 2860 cm-1 and 2930 cm-1.  (c) Absorption of 100 nm and 700 nm tall 
PDDT wires between 1200 – 1800 cm-1, showing broad absorption bands due to conjugated 
thiophene rings. 
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Figure 3.5:  (a) AFM topography image of overlapping 600 nm tall PS nanowires (vertical 
features) and 100 nm tall PE nanowires (angled features).  (b) Single wavenumber 
absorption image of the overlapping nanowires at 3026 cm-1, showing only the PS 
nanowire absorption.  (c) Absorption image at 2920 cm-1, revealing absorption of both PS 
and PE wires. 
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Figure 3.6:  (a) AFM topography scan of 600 nm tall PS and 100 nm tall PE nanowire 
intersection.  Absorption spectra were measured every 50 nm for the 4 µm line scan trajectory 
shown (red arrow).  (b) Normalized absorption spectra measured during the line scan as a 
function of both wavenumber and position.  (c) The absorption amplitude at 3025 cm-1 
wavenumber as a function of tip scan position, showing a resolution which matches the PS line 
topography.  
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Figure 3.7: Comsol 2D temperature map at the interface between a PS and PE nanostructure 1 ns 
after the 10 ns uniform heat generation within the PS nanostructure. 
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CHAPTER 4: SIGNAL PROCESSING IMPROVEMENTS TO 
TIP-BASED INFRARED SPECTROSCOPY 
4.1 Introduction 
Infrared (IR) spectroscopy3 is perhaps the most widely used technique for chemical 
identification of organic materials, but light diffraction limits the spatial resolution of most IR 
spectrometers to several micrometers.1, 2  Many materials of current scientific interest consist of 
chemical domain sizes between 10 nm and 10 um, which preclude the use of bulk IR methods to 
spatially resolve sample chemical composition.  Example of such materials include 
pharmaceuticals,3 organic thin films,4, 5 self-assembled monolayers,6, 7 and chemical 
nanostructures8-11.  Scanning probe techniques based on the atomic force microscope (AFM) can 
measure the infrared properties of materials with sub-100 nm spatial resolution, offering the 
potential for nanometer-scale infrared chemical imaging.12-19 
Atomic force microscope-based infrared spectroscopy (AFM-IR) can measure IR 
absorption spectra with results that agree closely with bulk IR measurements, and this high 
resolution IR spectroscopic imaging is combined with the nanometer-scale spatial resolution of 
AFM.20  Figure 4.1 shows the AFM-IR setup, in which an infrared laser of pulse duration 10 ns is 
incident upon a sample.  The rapid photothermal expansion of the sample excites the cantilever 
into oscillation.  The cantilever deflection provides a measure of the spectral absorbance of the 
sample in contact with the AFM tip.  Previous publications report that AFM-IR can measure IR 
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chemical absorption spectra with spatial resolution of about 100 nm on a variety of materials, 
including organic,3, 5, 21-23 biological,24-26 and semiconductor27-29 samples.  Although AFM-IR is 
capable of very high spatial resolution compared to bulk measurements, the magnitude of sample 
thermomechanical expansion decreases with decreasing feature size, making it difficult to 
measure absorption in features less than 100 nm in height.21, 30, 31  There is a need to improve 
AFM-IR sensitivity to investigate absorption of nanostructures smaller than 100 nm. 
Here we report quantitative IR measurements on polymer nanostructures as thin as 15 
nm, which is about one order of magnitude improvement over state of the art.  This measurement 
is enabled by a time-frequency domain analysis that reveals how the cantilever vibrational 
response depends upon the sample size, which affects the AFM-IR measurement through 
nanometer-scale heat transfer, sample thermomechanical response, and cantilever dynamics.  
Our analysis allows for significantly improved signal-to-noise ratio in AFM-IR measurement. 
4.2 Modeling and Simulation 
Heat transfer within the sample governs the duration of the mechanical pulse measured 
by the cantilever.  The sample undergoes heating during the 10 ns IR laser pulse, followed by a 
cooling period determined by heat conduction from the sample to the surroundings.  We used 
COMSOL to perform finite element simulations of heat transfer in hemispherical and half-
cylinder polymer nanostructures irradiated by IR light by solving the conduction heat equation:32 
 𝜌𝐶! !"!" − 𝑘∇!𝑇 − 𝑞 = 0 (4.1) 
Here T is temperature, k is the material thermal conductivity, ρ is the material density, Cp is the 
specific heat, and q is internal heat generation.  The thermal conductivity, density, and specific 
heat for the polymer were k = 0.1 W/m-K, ρ = 950 kg/m3, and Cp = 2000 J/kg-K.33, 34  The zinc 
selenide prism had thermal properties k = 18 W/m-K, ρ = 5270 kg/m3, and Cp = 343 J/kg-K.35  
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The air surrounding the polymer had temperature dependent thermal properties as included in the 
finite element software.  The 10 ns laser pulse, modeled as uniform 10 ns heat generation within 
the structure, had a magnitude sufficient to raise the structure temperature by 5 K.  The mesh size 
and time step were small enough to maintain convergence and stability. 
The polymer nanostructure feature size determines the duration of the thermo-mechanical 
strain.36  Figures 4.2(a)-(b) show schematics of the heat transfer in a polymer hemisphere and a 
polymer half-cylinder during irradiation.  The generated heat within the polymer nanostructure 
caused by the IR laser pulse must leave through the air above and the prism below the structure.  
Figure 4.2(c) shows the max temperature over time for a hemispherical structure with height H 
and radius R equal to 100 nm and 300 nm.  The results show that the feature expansion is 
independent of feature size, and depends only on laser pulse duration.  However, the cooling 
time depends strongly on feature size, where H = R = 100 nm had a cooling time constant of 57 
ns and H = R = 300 nm had a cooling time constant of 480 ns.  Figures 4.2(d)-(e) show the 
cooling time constant for both hemispheres and half-cylinder polymer structures for R between 
0.1- 1.0 µm and H = R, 0.1 µm, and 1 µm, revealing that cooling time constant ranges between 
50 ns – 5 µs depending on feature size.   For the largest structures, the sample cools over several 
vibrational periods of a typical AFM cantilever.  For the smallest structures, the sample cooling 
time is much smaller than the period of the highest frequency mode observed.  Thus, we expect 
large samples with long cooling times to impart more energy to the first few cantilever modes, 
while very small samples with short cooling times would impart energy more evenly across all 
modes.  Additionally, the results show that the cooling time depends weakly on feature height for 
features where R > H, so the feature height primarily affects cooling time. 
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We then modeled the response of an AFM cantilever beam subject to the expansion and 
contraction of an irradiated polymer nanostructure.  The equation which governs the beam 
motion is:37 
 𝐸𝐼 !!!!!! 𝑥, 𝑡 + 𝛾 !"!" 𝑥, 𝑡 + 𝜌𝐴 !!!!!! 𝑥, 𝑡 = 0 (4.2) 
where E is the beam elastic modulus, ρ is the beam density, I is the bending moment of 
inertia, A is the beam cross sectional area, and γ  is the damping coefficient.  We modeled the 
beam using a time domain finite difference method as described in previous work.38  We 
modeled the cantilever beam after triangular silicon probes used to perform the experiments, 
having material properties E = 169 GPa and ρ = 2330 kg/m3.  Using the parallel beam 
approximation39, the equivalent rectangular beam was 80 µm wide, 220 µm long, and 0.55 µm 
thick.  The input to the cantilever beam was modeled as an expansion and contraction at the 
cantilever free end, using the assumption that the cantilever tip does not deform the underlying 
structure.  The surface expansion was a linear in time over 10 ns with a maximum deflection of 1 
nm, followed by an exponential in time contraction with the cooling time constant as an 
independent parameter. The model output was the slope of the cantilever free end averaged 
across the 35 µm diameter of the deflection laser. 
4.3 Experimental Results and Discussion 
To study the effect of nanostructure feature size on the cantilever response, we fabricated 
polymer nanostructures of variable size using thermal dip-pen nanolithography (tDPN).10  In 
tDPN, polymer is deposited from a heated tip onto a surface, forming polymer nanostructures as 
thin as 10 nm.  Adjusting the tip speed and tip temperature controls the polymer nanostructures 
widths and heights over the range 10 nm - 1 µm.11  Figure 4.1(b) shows polyethylene dot and line 
76 
 
nanostructures patterned this way, with the heights of the resulting polymer nanostructures 
between 10 – 100 nm.  Here the polymer nanostructure height is H and the half width is R. 
We measured the thermomechanical expansion of the written polymer nanostructures 
with a nanoIR-AFM (Anasys Instruments).   Figure 4.3 shows the time dependent frequency 
amplitude response of the cantilever during AFM-IR on polymer nanostructures of size H 
between 100 – 2000 nm and R between 400 – 3000 nm.  The cantilever time response to the 
polymer nanostructure expansion consists of a nearly instantaneous excitation followed by a 
decaying oscillatory ring down lasting hundreds of microseconds.  We averaged each time 
response over 256 laser pulses.  A fast Fourier transform (FFT) converted the cantilever response 
to the frequency domain.  The frequency domain peaks of Fig. 3 correspond to the cantilever 
vibrational modes during AFM-IR of the various nanostructures.  It is clear from these results 
that the size of the polymer nanostructure affects how the vibrational energy is distributed across 
the cantilever vibrational modes.  The higher-frequency modes become more prominent with 
decreasing size of the polymer nanostructure, with amplitudes on the same order of magnitude as 
the fundamental mode for features on the order of 100 nm tall. 
We fitted the cantilever beam model to experimental results using cooling times of 10 µs, 
1 µs, and 0.1 µs, which correspond to H = 2000 nm, 600 nm, and 100 nm, respectively.  The 
fitting parameters were the structure cooling time and the deflection laser spot size, which 
determined the cantilever vibrational mode amplitudes and the dip in amplitude near 1 MHz, 
respectively.  Figure 4.3 shows the simulation result overlaid onto the experimental data, which 
compare well.  The good agreement between measurements and simulation suggests that the 
model captures the key physical processes, and that the cantilever vibrational signal depends 
upon thermomechanical expansion of the polymer nanostructure, heat transfer within and from 
77 
 
the polymer nanostructure, and the cantilever dynamics.  This insight is consistent with a 
previous study, which noted that higher cantilever modes are sensitive to the laser pulse duration 
and sample cooling time.36    
From the experiments and simulations described above, we observe that the cantilever 
vibration varies in both time and frequency, and that these variations depend upon the size of the 
nanostructure being measured.  Published research on AFM-IR analyzes the cantilever response 
in terms of either peak-to-peak cantilever deflection in the time domain, or average amplitude 
measurements in the frequency domain.  Additionally, a band pass filter removes the cantilever 
response below 20 kHz and above ~500 kHz, since most of the signal far away from the first few 
mode frequencies is noise.  We measure the relative contribution of the cantilever frequency 
response to the overall peak-to-peak value by recording the peak-to-peak cantilever deflection 
while applying a 100 kHz bandpass filter with center frequencies between 100 – 3000 kHz.  
Figure 4.4 shows the peak-to-peak cantilever deflection in response to expansion of a 2000 nm, 
600 nm, and 100 nm tall nanostructure.  For large structures, most of the peak-to-peak signal 
comes from lower frequency vibrations.  As the feature size decreases, the majority of the peak-
to-peak signal comes from higher frequencies.  The results of Fig. 4 indicate that higher modes 
can contribute an order of magnitude more peak-to-peak signal compared to the fundamental 
mode for measurements on small structures.  The large difference in peak-to-peak amplitude 
contrasts the results of Fig. 3, where higher mode amplitudes are on the same order of magnitude 
as the fundamental mode.  The higher order modes decay more quickly in time compared to 
lower modes, even though the higher modes are much larger in maximum amplitude. These 
results demonstrate that conventional amplitude measurements in only the frequency domain or 
only the time domain do not capture the multi-modal, transient nature of the cantilever response.  
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In order to measure the AFM-IR induced expansion in structures smaller than 100 nm, it is 
important to capture the broad band measurement response of many cantilever modes, while also 
filtering out measurement noise.  
A time-frequency domain analysis using a wavelet transform (WT) is well suited for such 
a signal that varies both in time and frequency.40  Figure 4.5 shows the measured time response 
of the cantilever during AFM-IR of a 70 nm tall polyethylene nanostructure at an IR illumination 
frequency of 2920 cm-1, and the corresponding response represented in both time and frequency 
domains after applying a continuous Morlet wavelet transform:41 
                                             (4.3) 
Here, the time domain response, x(t), is transformed to a series of WT modulus, X(s,τ), based on 
the convolution of x(t) with the complex conjugate of a mother (template) wavelet,Ψ(t), through 
variation of scaling parameter, s, and time shift, τ.  The Morlet wavelet is well suited for 
capturing a transient dynamic response under impulse loads. 
The results in figure 4.5 indicate that the impulse excites many cantilever modes that 
decay quickly in time.  Higher modes appear to decay more quickly than lower modes, which is 
why higher vibrational modes contribute much more amplitude to peak-to-peak measurements 
than average FFT measurements.  At long times, much of the signal is noise, and so a FFT of the 
entire cantilever response contains significant amount of noise.  In order to maximize signal to 
noise, the noisy portions of the signal should be discarded.  These noisy portions are located at 
times after the cantilever mode oscillations have decayed, as well as for frequencies not 
associated with cantilever vibrational modes.  Averaging the signal within a window in the time 
and frequency domain increases the signal to noise ratio (SNR) by reducing overall measurement 
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noise. The width of the time window was chosen such that the calculated average of the 
cantilever signal within the window resulted in the maximum SNR.  Fitting the damped 
harmonic oscillator response to each peak in FFT signal provided the frequency and quality 
factor of each resonant mode, which then determined the location and width of the frequency 
window.   
We show how the WT windowing technique allows us to measure the IR absorption 
spectra of polyethylene features of height 70 nm and 15 nm.  Figures 4.6(a)-6(c) show the 
measured IR absorption of the 70 nm structure calculated using peak-to-peak amplitude in the 
time domain, averaged FFT amplitude in the frequency domain, and averaged WT amplitude 
with applied time and frequency windows.  The measured spectra show two C-H stretch peaks 
for polyethylene, the symmetric C-H stretch at 2926 cm-1 and the antisymmetric stretch at 2850 
cm-1.  The SNR, defined as the peak spectral absorption signal divided by RMS noise, was 47.9 
for the WT windowing procedure, 29.4 for the peak-to-peak amplitude, and 12.3 for the FFT 
average amplitude.  Absorption peak width and ratios between peak amplitudes also provide vital 
information for chemical identification, and the WT spectra represent better the width of the two 
absorption peaks and the amount of absorption between the two peaks.  Figures 4.6(d)-6(f) show 
the peak-to-peak, averaged FFT, and WT spectra for the 15 nm tall feature.  The WT technique 
showed a similar improvement over the standard approaches.  In the case of the 15 nm structure, 
both peak-to-peak and averaged FFT fail to distinguish the C-H stretch at 2850 cm-1, while the 
WT analysis clearly reveals this spectral peak.  Thus, we have demonstrated AFM-IR on a 
structure as thin as 15 nm, nearly an order of magnitude smaller than previous publications. 
WT analysis could improve AFM measurements in a variety of ways.  In AFM-IR, the 
improved sensitivity can enable 2D spatially resolved chemical imaging with high resolution by 
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reducing data acquisition times.  Additionally, since the pulse width is sensitive to sample heat 
transfer, AFM-IR WT analysis could measure characteristics of sample heating rate, sample 
thermal conductivity, or sample-substrate contact resistance. Time frequency domain signal 
processing also has significant applications in a variety of other AFM techniques, such as 
scanning joule expansion microscopy,42 atomic force acoustic microscopy,43 and piezoresponse 
force microscopy, where current FFT signal processing limits the techniques to temporally 
invariant signal analysis. 
4.4 Conclusions 
We demonstrated AFM-IR on a 15 nm tall polymer nanostructure using time-frequency 
domain WT analysis.  We first modeled the cantilever response to the laser induced sample 
thermomechanical expansion to understand the effect of sample feature size on AFM-IR 
measurements.  Computational models of sample heat transfer showed that sample expansion 
time was insensitive to feature size, while sample cooling times were between 10 µs – 100 ns for 
structure between 1000 – 100 nm tall.   Modeling the AFM cantilever response to the sample 
deformation further showed that decreasing the nanostructure size imparts more energy to higher 
cantilever modes, due primarily to the shortened duration of the nanostructure deformation.  
Frequency domain measurements of cantilever amplitude during AFM-IR on structures between 
100 – 2000 nm tall confirmed that higher order modes had larger amplitudes for smaller 
structures.  We further showed that the peak-to-peak amplitude of higher cantilever modes in 
response to the expansion of small nanostructures can be much larger than the fundamental 
mode, and that the higher order mode response decays quickly in time.  Standard AFM-IR 
measurements, which restrict focus to the first few cantilever modes in either frequency or time, 
do not effectively capture the signal from the vibrating cantilever.  To maximize the cantilever 
81 
 
signal and filter out unwanted noise, we performed a WT analysis to capture the transient, multi-
modal cantilever response to excitation.  Analyzing the cantilever response in the time-frequency 
domain allowed efficient noise filtering by applying windows in both time and frequency.  We 
then demonstrated the enhanced sensitivity of WT analysis by detecting an absorption peak for a 
15 nm tall polymer nanostructure, which was not detected using standard AFM-IR 
measurements. 
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4.5 Figures 
 
Figure 4.1: (a) Graphical Representation of AFM-IR on polymer nanostructures of differing 
size.  The thermo-mechanical expansion of the absorbing polymer nanostructure shocks the 
AFM Cantilever into oscillation.  The deflection laser measures the cantilever response to the 
shock from the polymer structure.  (b) An AFM image of Polyethylene nanostructures fabricated 
using a heated AFM probe with heights ranging from 10 nm to 100 nm.  Tip temperature, speed, 
and dwell time controlled the sizes of the fabricated structures. 
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Figure 4.2: (a-b) Illustration of the heat transfer within hemispherical and half-cylinder polymer 
nanostructures.  Constant heat generation Qgen represents absorption during the laser pulse, and 
qair and qprism are the heat flows to the air and the prism from the structure.  (c) Change in max 
structure temperature after the laser pulse as a function of time for structures with H = R = 100 
nm and H = R = 300 nm.  (d-e) Cooling time constant calculated for both a hemisphere and half-
cylinder polymer structure for R between 0.1- 1.0 µm and H = R, 0.1 µm, and 1 µm. 
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Figure 4.3: Frequency domain representation of the cantilever response to the thermo-
mechanical expansion of the polymer nanostructures.  Measurements are in blue and modeling 
results are in red.  The polymer nanostructures have size (a) H = 2000 nm and R = 3000 nm, (b) 
H = 600 nm and R = 1000 nm, and (c) H = 100 nm and R = 400 nm.  The insets show the raw, 
time-domain measurements of cantilever amplitude.   
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Figure 4.4: Normalized peak-to-peak measurements for a cantilever response during AFM-IR as 
a function of the center frequency of a 100 kHz bandpass filter.  The peak-to-peak response for 
features 2000 nm, 600 nm, and 100 nm tall show that higher frequency vibrations contribute 
significant peak-to-peak signal for small structures.    
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Figure 4.5: Time domain response of the cantilever to a single AFM-IR laser pulse, and the 
corresponding time-frequency domain response.  Here the polymer nanostructure is 70 nm tall 
PE, and the laser wavenumber is 2920 cm-1.  (a) Cantilever amplitude as a function of time.  (b) 
The cantilever response as both a function of time and frequency computed using a continuous 
Morlet wavelet transform.  The plot shows the time and frequency windows that contain the 
highest signal to noise.  The regions outside these windows are mostly noise, and can be 
discarded. 
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Figure 4.6: Measured absorption spectra for PE nanostructures over the spectral range 2800-
3000 cm-1 for heights of (a-c) 70 nm and (d-f) 15 nm.  The black line is the absorption spectra for 
a large feature, which compares well with bulk measurements.  (a,d) Peak-to-peak measurements 
of the cantilever. (b,e)  Average amplitude measurements of the wavelet transformed response 
with both time and frequency windows applied.  (c-f) Average amplitude measurements of the 
wavelet transformed response with time and frequency windows. 
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CHAPTER 5: TIP-BASED INFRARED SPECTROSCOPY OF 
MID-INFRARED PLASMONIC STRUCTURES 
5.1 Introduction 
Metamaterials and plasmonic4 structures enable the manipulation of light at 
subwavelength scales, making them attractive means to achieve nanometer scale optoelectronic 
devices and high-resolution optical sensing.  The interaction of metamaterials and plasmonic 
structures with electromagnetic radiation has enabled devices which exhibit superlensing,1, 2 
optical cloaking,3 beam steering,4 waveguiding,5 and electric field enhancement.6  The 
performance of a plasmonic structure is governed by the optical properties of the materials and 
the nanometer-scale physical structure.  Most experimental studies on plasmonic structures 
measure far-field characteristics, and infer the near-field behavior from these measurements and 
electromagnetic simulations.  In general, there is a lack of experimental investigations into the 
near-field behavior of plasmonic structures.  Such near-field experiments are needed to improve 
theoretical understanding of plasmonic structures, and to compare actual device performance 
with idealized models.  
There has recently been significant interest in the use of metamaterial and plasmonic 
structures to achieve strong localization of electromagnetic fields at mid-IR wavelengths, for 
applications including detector and source enhancement,7 controlled thermal emission,8 and 
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enhanced sensing.9  One approach, in particular, involves the use of highly doped 
semiconductors as engineered metals for the development of mid-IR plasmonic structures.10-13  
When patterned into subwavelength structures, these engineered metals should be capable of 
field localization similar to that achieved by noble metals at shorter wavelengths, by the 
excitation of a localized surface plasmon resonance (LSPR) in which the electrons in the 
subwavelength particle undergo a collective oscillation in response to an incident 
electromagnetic wave.  While the far-field optical properties of such mid-IR structures have been 
investigated,13 near-field measurement techniques are required to confirm the localized nature of 
the observed resonances. 
Measuring the near-field behavior of a subwavelength structure requires a sensor with 
nanometer-scale spatial resolution positioned in close proximity to the structure.  Scanning near-
field optical microscopy (SNOM) can overcome the diffraction limit of microscopy by 
employing a nanometer sized aperture, or a sharp tip as a local light scatterer.  Aperture-based 
SNOM can be difficult in the IR, as attenuation within the aperture probe makes it difficult to 
transmit mid-IR wavelengths.14, 15  Apertureless SNOM measures the interaction between a 
nanometer sharp tip and a sample subject to incident monochromatic light, and can require 
significant post-processing to resolve the measured scattering signal.16, 17  Atomic force 
microscope infrared spectroscopy (AFM-IR) is an apetureless technique that can measure the 
near-field absorption response of a sample irradiated by infrared (IR) light.18  In AFM-IR, an 
AFM tip measures the local absorption within a sample by detecting local thermomechanical 
expansion in response to irradiation by IR light.19  AFM-IR has previously measured absorption 
in biological species,20, 21 polymers,22, 23 and semi-conductors.24, 25   
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Here we report near-field scanning probe measurements of a LSPR in heavily silicon (Si) 
doped indium arsenide (InAs) microparticles.  The measurements are based on AFM-IR, and 
demonstrate the spatially- and spectrally-resolved phenomena within and near the microparticle, 
including Ohmic heating within the particle due to the localized plasmon resonance. 
 
5.2 Results and Discussion 
Figure 5.1.a shows a schematic of the AFM-IR experimental setup (Anasys Instruments).  
A tunable IR laser irradiates a sample by passing a 10 ns laser pulse through a zinc selenide 
(ZnSe) prism.  The sample absorbs the incident light causing rapid thermomechanical expansion 
of the sample, and an AFM cantilever in constant contact with the sample detects the sample 
expansion.  Measuring the sample expansion while sweeping the laser wavelength provides a 
quantitative IR absorption spectrum localized to the tip-sample contact.  The laser wavelength 
range is 2.5 – 9 µm, with a spectral resolution ~4 cm-1 and a laser spot size radius of ~25 µm.  
Figure 5.1.b shows an AFM topography image of the sample, consisting of an array of heavily 
Si-doped InAs microparticles, with a height and diameter of 1.0 µm and a pitch of 3.4 µm.  The 
sample investigated consisted of a 1.1 µm thick layer of highly n-doped indium arsenide (InAs) 
grown by molecular beam epitaxy (MBE) above a 0.75 µm thick undoped InAs buffer layer on a 
single-side polished undoped gallium arsenide (GaAs) wafer.  The buffer layer was required in 
order to separate the plasmonic material from the defects formed at the GaAs/InAs interface 
resulting from the significant lattice mismatch of the two material systems.  The doping density 
of the highly-doped InAs layer was designed to result in a plasma frequency in the mid-IR 
wavelength range.13  Transmission and reflection measurements were made on the as-grown film 
using a Bruker v70 FTIR spectrometer in order to determine the doped layer optical properties.  
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Reflection spectra were normalized to a Au-coated Si wafer, which gives close to 100% 
reflection across the wavelength range of interest, while transmission spectra were normalized to 
unblocked, free-space transmission.   The resulting spectra were modeled in accordance with the 
transmission matrix method described in13 and,27 where the doped InAs layer’s permittivity is 
given by the Drude formalism, with only the plasma wavelength and scattering time as fitting 
parameters.  Using this technique, our doped InAs layer was determined to have a plasma 
wavelength of λp=5.48 µm, with a scattering time of approximately Г = 1x10-13 s.  The resulting 
wavelength is a function of the silicon doping, and does not depend upon the dimensions of the 
pucks.13 
The films were then patterned using standard photolithographic techniques and wet 
chemically etched through the top doped region using 1:1:10 HBr:HNO3:H2O.  The 
microparticle film had a doping density of 9.5x1019 cm-3, resulting in a LSPR in the particles at 
5.75 µm.13  A slight spectral shift between transmission and reflection dips is observed in our 
data, which was also observed in previous samples and in our COMSOL model. This is believed 
to result from the combination of (angle-dependent) scattering and reflection/transmission from 
the puck sample.  The size and spacing of the pucks in the array preclude the excitation of 
collective resonances by the laser used in experiments.28 
We removed the GaAs substrate from the sample to ensure the laser light was absorbed 
mainly by the pillars and not the substrate.  Following initial, far-field, transmission and 
reflection measurements, the processed film was attached face-down to a glass slide with crystal 
bond wax, leaving the GaAs substrate exposed.  The sample was then etched overnight in a 
solution of 1:3:16 NH4OH:H2O2:H2O, which selectively removed the GaAs from the epitaxially-
grown InAs.  The remaining material and glass slide carrier was placed in acetone to remove the 
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wax and release the patterned InAs, leaving the InAs film freely floating.  After diluting the 
acetone with water, the film was carefully placed onto a submerged zinc selenide (ZnSe) prism 
and allowed to air-dry.  The final structure, now ready for near-field optical characterization, 
consisted of the doped InAs pucks supported by a thin undoped InAs layer, resting on the ZnSe 
prism. 
We compare the AFM-IR near-field measurements with far-field optical measurements.  
Figure 5.2.a shows far-field transmission and reflection measurements made using Fourier 
Transform Infrared Spectoscopy (FTIR), which show a dip in both reflection and transmission 
near 5.75 µm.26  The reflection dip is red-shifted slightly and attenuated relative to the 
transmission dip, results observed previously and attributed to the difference in absorption and 
scattering resonant wavelengths and measured scattering solid angles.13  Figure 5.2.b shows the 
measured absorption of a single InAs microparticle measured using AFM-IR, which has a peak 
at 5.75 µm.  The absorption measured by the AFM tip off of the microparticle is markedly lower, 
showing that the localized heating is confined within the microparticles.  The peak observed off 
of the microparticle arose from pressure waves incident on the AFM cantilever from nearby 
absorbing microparticles. 
To further clarify the observed phenomenon, we employed a 3-D finite-element method 
in COMSOL to solve Maxwell equations in the structure. In these calculations, the structure was 
approximated as an infinite periodic planar array of conical pillars with Drude-style permittivity.  
The results of these calculations provide us with microscopic field distributions across the 
sample, as well as far-field reflection and transmission spectra.  The simulations show that the 
optical spectrum comprises a broad resonance near 5.75 µm, superimposed by a set of sharp 
resonances. Further analysis of the spatial field profile shows that the broad resonance at 5.75 
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µm comes from a LSPR of a single microparticle, while the sharp "satellite" resonances come 
from the coupling of normally-incident light into guided modes supported by the undoped InAs 
buffer layer.  In a separate set of calculations, a transfer-matrix technique was used to compute 
the spectrum of guided modes in the structure comprising of only a GaAs substrate, an undoped 
InAs buffer layer and air.  The sharp satellite resonances in the reflection spectrum from FEM 
calculations were then matched to the guided modes in the puck-less system, shifted by the 
integer multiples of the grating vectors corresponding to periodicity of a unit cell.  
The simulated transmission and reflection results match well to far-field data in Figure 
5.2.a. The measured transmission was much lower than the simulations due to defects in the 
undoped InAs buffer layer, an effect observed in previous work with similar materials,26 and also 
most likely responsible for the absence of waveguide resonances in our experimental data.  The 
absorption rise near 6.25 µm in Figure 5.2.b stems from a laser stage transition that is difficult to 
remove by normalization, and is not believed to be a waveguide resonance.  A comparison 
between the simulated and measured near-field absorption in Fig. 2.b shows that the measured 
near-field absorption peak localized to the microparticle matches the LSPR peak in the 
simulation. 
 Scanning the AFM tip while measuring single wavelength absorption provides a spatially 
resolved absorptivity map of the sample.  Figure 5.3 shows single-wavelength absorption for an 
array of microparticles both on resonance at 5.75 µm and off resonance at 6.25 µm.  In both 
cases, the incident laser light is polarized vertically in the image and propagates parallel to the 
prism surface.  The absorptivity maps show that heating is indeed localized to the particles, 
showing larger heating on resonance compared to off resonance.  Although localized heating 
occurs at 6.25 µm, far from resonance at 5.75 µm, comparison of the magnitudes of total 
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localized absorption at both wavelengths compares well with simulation.  By integrating the 
measured temperature rise across the microparticle, we can estimate the total heat generation in a 
single particle. The measurements show that the microparticle heating is increased by about 3X 
when on resonance compared to off resonance, and the simulations show that the microparticle 
heating is increased by about 6X when on resonance compared to off resonance.  While the 
measured heating is different from the simulation by about a factor of 2, the measurements are 
quite consistent with the predicted phenomena.  The difference between experiment and 
simulation most likely stems from background defect absorption within the sample, an effect not 
included in the simulations.  Figure 5.3 also shows a higher absorption signal on the 
microparticle sidewalls oriented in the direction of the incident electric field, which may due to 
the polarized LSPR mode shape. 
We compared AFM-IR single microparticle absorption maps with simulations to 
determine if the observed higher absorption signal correlates well to the LSPR mode shape.  
Figure 5.4.(a-c) shows AFM-IR absorption of a microparticle for wavelengths 5.75, 6.25, and 
7.70 µm. The laser used in this experiment undergoes a 90° polarization shift at 6.26 µm, such 
that the incident electric field aligns with the y-axis in figure 5.4.(a-b) and aligns with the x-axis 
in figure 5.4.c with a 45° component in the z- (height) axis of the microparticle.  Figure 5.4.(d-f) 
shows finite element method simulations of particle absorption for the respective laser 
polarizations and wavelengths in figure 5.4.(a-c).  The experimental results in figure 5.4.(a-b) 
show a larger AFM-IR absorption amplitude on the microparticle sidewalls, which is in good 
agreement with the simulated LSPR absorption shown in figure 5.4.(d-e).  However, for the laser 
wavelength of 7.70 µm, the measured absorption pattern looks similar to the previous two 
wavelengths, and does not clearly match the simulated heating profile.  This may indicate the 
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presence of tip-surface contact artifacts caused by the sharply sloped sidewalls, or could be due 
to background defect absorption and complex mode shapes not captured in the simulation.  The 
next stage of the research would be to determine if the measured localized heating follows the 
geometry of the excited LSPR mode.  This would require improved understanding of both the 
optical behavior of this plasmonic material and improved understanding of tip-surface interaction 
near the microparticle edges.  The results however do clearly show that it is possible to measure 
IR absorptivity and IR plasmon resonance with nanometer-scale spatial resolution in plasmonic 
structures. 
5.3 Conclusions 
We have demonstrated near-field optical absorption measurements on a semiconductor 
plasmonic material using atomic force microscope infrared spectroscopy.  AFM-IR detected the 
plasmonic resonance of Si-doped InAs microparticles at 5.75 µm, in agreement with far-field 
transmission and reflection measurements and finite element electromagnetic simulations.  
Measurements both on and off a single microparticle showed that optical absorption is localized 
to the microparticles, which is evidence of a local surface plasmon resonance within the particle 
volume.  Ohmic heating maps of a single microparticle subjected to varying IR wavelengths and 
polarizations show evidence of mode shape heating caused by the LSPR field enhancements.  
The technique described here could be applied to other plasmonic structures, to improve the 
understanding of their near-field IR properties and performance. 
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5.4 Figures 
 
Figure 5.1: (a) Schematic of AFM-IR absorption measurement of heavily Si-doped InAs micro-
particles.  A cantilever tip operated in contact with the surface detects thermomechanical micro-
particle expansion when irradiated with IR laser light.  (b) AFM topography image of an array of 
InAs micro-particles.  Each particle is 1 µm tall and 1 µm in diameter, with a pitch between 
particles of 3.4 µm. 
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Figure 5.2: (a) Far-field reflection (solid black) and transmission (solid red) measurements of 
the InAs micro-particle array, and near-field theoretical calculations (dashed lines) for a single 
micro-particle.  The locations of the measured spectral peaks agree well with predictions.  The 
experimental transmission is lower than predicted, owing to dislocations within the sample.  (b) 
AFM-IR near-field absorption both on and off a micro-particle (black), and predicted micro-
particle absorption (dashed red). 
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Figure 5.3: Single wavelength absorption spatial map of a microparticle array irradiated at (a) 
5.75 µm and (b) 6.25 µm laser wavelength.  Absorption is much larger on the particles compared 
to the surroundings, confirming the existence of a localized surface plasmon resonance. 
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Figure 5.4: (a-c) Single wavelength absorption spatial map for one micro-particle at laser 
wavelengths of (a) 5.75 µm, (b) 6.25 µm, and (c) 7.70 µm.  (d-f) Calculated spatial absorption 
within one micro-particle at incident wavelengths of (a) 5.75 µm, (b) 6.25 µm, and (c) 7.70 µm.  
The e-field was oriented vertically for (a-b) and (d-e).  For (c,f), the electric field was oriented 
horizontally with a light propagation direction 45° normal to the flat substrate. 
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CHAPTER 6: CONCLUSIONS AND FUTURE WORK 
This dissertation demonstrates the use of tip-based nanomanufacturing and 
nanometrology to fabricate and analyze organic nanostructures for use in next-generation 
nanometer scale optoelectronic devices.  For tip-based nanomanufacturing, a heated AFM tip is 
used to deposit thermoplastic polymer materials with useful mechanical, optical, and electrical 
properties.  While there have been a number of tip-based nanomanufacturing demonstrations 
using an AFM tip, there has been little work studying the mechanisms that drive polymer 
deposition, and how scanning parameters can control the rate of polymer flow and the final 
nanostructure geometry.  This dissertation provides a detailed study of polymer flow from a 
heated tip by depositing polyethylene nanostructures while verying tip speed, tip temperature, 
and surface wettability.  The results of the heated tip deposition experiments uncover the 
mechanisms for thermal transport of thermoplastic polymers, which can be used in the future to 
fabricate polymer nanodevices with controlled dimensions.   
In addition to improving control of nanostructure fabrication, it is necessary to evaluate 
the composition of the fabricated structures.  While there are many examples of chemical 
nanostructure fabrication, there has been very little work devoted to evaluating the fabricated 
structures.  This dissertation demonstrates chemical identification of nanostructures using atomic 
force microscope infrared spectroscopy.  The results show that AFM-IR can measure chemical 
composition of nanostructures with heights as small as 100 nm and a spatial resolution on the 
order of the tip radius.  The sensitivity of AFM-IR was improved by roughly an order of 
magnitude to measure the chemical composition of features near 10 nm tall using wavelet 
transform analysis of the cantilever response.  The insights in the time and frequency response of 
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the AFM cantilever provided by the wavelet transform allowed much of the noise in both 
domains to be efficiently discarded.  In addition to measuring the optical response of organic 
nanostructures, this dissertation demonstrates the first tip-based measurement of near field 
localized surface plasmon resonances for semiconducting microparticles resonant in the infrared 
regime.  This work shows that AFM-IR could measure the optical response of both organic and 
inorganic optical materials, and could be useful for analyzing future devices that combine these 
materials into new near-field optical devices. 
6.1 Future Directions 
  Tip-based nanomanufacturing can be further improved through changes to 
cantilever design and functionality.  While controlling the temperature of the cantilever tip 
modulates the polymer flow rate down the tip through thermocapillary forces, the amount of 
polymer flow ultimately depends on the amount of polymer loaded onto the tip and the thickness 
of the polymer layer around the tip.  This polymer thickness is currently impossible to control 
when the outer polymer surface is unconfined.  Changes to the cantilever design could greatly 
improve the level of polymer flow control.  For example, adding a capillary channel leading 
from the tip to a heated reservoir a distance removed from the tip could improve the longevity 
and control of the technique by heating the polymer within the reservoir and allowing the molten 
material to flow down the capillary channel to the tip.1  The polymer could be loaded into the 
reservoir using a variety of well-known printing techniques to relax constraints on inkwell design 
and improve repeatability.2, 3  In addition to improving the thermocapillary ink flow design to the 
tip, the tip could be further functionalized with control over electric or magnetic fields.4  These 
added functionalities could be used to control the flow of inks with unique electrical and 
magnetic properties. 
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  Current studies of tDPN typically focus on inks consisting of a single polymer chain, 
and little work has been done to study thermally driven flow of more complex materials.  One 
study investigated tDPN with nanoparticle-laden polymers, revealing interesting particle flow 
behavior and demonstrating added optoelectronic qualities within the written nanostructures.5  
Polymer-nanoparticle blends could be integrated into optical structures such as periodic gratings 
to tune the plasmonic behavior.  Such devices have been theorized at length, but the difficulty of 
fabrication has largely limited experimental study.6  Future studies of tDPN could also utilize 
inks that consist of multiple polymers or block copolymers.7  Typically, the structures written 
with a heated tip are 50-100 nm in size, so copolymers or immiscible polymer blends could 
create nano-domains much smaller than the written structure.  Additionally, the directionality of 
the polymer flow combined with the high levels of confinement within the nanostructure could 
provide additional order to the nano-domains.8  Nanometer scale control of the size, location, and 
orientation of polymer nanodomains with sizes of 10 nm or less could be used as a mask to 
fabricate quantum mechanical structures, such as graphene nanodots and nanoribbons.  The 
polymer domains themselves could also have optoelectronic properties or be blended with 
nanoparticles for integration into nanodevices. 
The throughput of tip-based nanofabrication must be greatly improved upon as the 
technique matures.  Current demonstrations have shown that simple lithographic processes may 
be carried out with an array of thousands of heated tips, but little work has been done to 
demonstrate the fabrication of devices with arrays of cantilevers.  Fabricating structures with an 
array of cantilevers would require a robust technique for tip inking, which could be 
accomplished by creating an array of ink- or e-jet printing nozzles to periodically refill the empty 
ink reservoirs.  The array must also be relieved of the limitation of AFM operation, which 
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requires a flat sample smaller than a few inches on a side.  Heated tips could be integrated, for 
example, into roll-to-roll processes for rapid fabrication of nanostructures on large areas of 
flexible thin films. 
As the versatility of tip-based nanomanufacturing increases, the metrology techniques 
must improve to analyze the fabricated structures.  AFM-IR can currently measure optical, 
thermal, and mechanical properties of a structure, but to date there has been no demonstrations of 
simultaneous measurement of electrical or magnetic properties, which would be necessary to 
characterize most optoelectric nano-devices.  Further, the technique is currently limited to 
measuring lossy optical properties where the optical energy is converted to heat.  Many optical 
devices seek to reduce lossy heat generation, so a mechanism to measure the properties such as 
electroluminescence would greatly improve the usefulness of the technique.  These 
measurements could be performed by adding additional electrical and optical components to the 
AFM tip.  These improvements would allow the AFM-IR technique to move from measuring the 
properties of materials to the performance of devices. 
As devices begin to utilize ever smaller structures, it is important to improve the spatial 
resolution of AFM-IR down the 10 nm radius of a sharp AFM tip.  The biggest obstacle to 
overcome in this regard is heat diffusion across a boundary between an absorbing and a non-
absorbing material.  While in some specialized cases the resolution is not limited by thermal 
diffusion, for the majority of biological and chemical structures thermal diffusion remains the 
largest limitation.  One way to improve the spatial resolution of AFM-IR would be to improve 
the time resolution of the AFM cantilever and optical detection scheme.  Because the cantilever 
response is sensitive to the time response of the sample expansion, knowledge of the cantilever 
response just before, during, and just after the laser pulse can provide information about the 
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sample absorption just under the AFM tip.  First, the absorbing portions of the sample will 
expand before areas affected by thermal diffusion.  Second, the expansion and contraction will 
be most abrupt for the absorbing sample.  This information could allow for expansion due to 
thermal diffusion to non-absorbing areas to be discarded once these differences are well 
understood.   
Currently, a typical AFM has a fundamental vibrational frequency on the order of 300 
kHz or less, meaning that the largest time resolution cannot exceed ~3 µs.  To resolve sample 
expansion due to a laser pulse 10 ns in duration, the time constant of the cantilever should be ~ 1 
ns, meaning the cantilever should resonate at 1 GHz to accurately resolve the response.  Most 
mechanical microresonators have a fundamental resonance less than 100 MHz, and resonators 
compatible with current AFM setups have fundamental resonances of only a few MHz, making it 
very difficult to design a conventional microcantilever to resonate at GHz frequencies.9  A new 
type of resonator, such as an optomechanical resonator or carbon nanotube resonator, could be 
designed to resonate at very high frequencies and be integrated into a sensing platform.10, 11  
Such a mechanical transducer could also measure the response of devices which themselves 
operate at GHz frequencies. 
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